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For  tiie  basic  theory  of  electrostriction  it  has  become  clear  that  the  earlier  simple 
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framework  for  a  charge  transfer  model.  Measurements  of  electrostriction  in  simple  low 
permittivity  solids  using  the  converse  method  have  been  extended  to  the  perovskite  KMnFj 
and  temperature  dependence  of  second  and  third  order  elastic  constants  have  been  measured 
to  complete  the  data  needed  for  the  theory.  For  practical  electrostrictors,  an  extensive 
study  of  aging  in  aliovalent  doped  lead  magnesium  niobate:lead  titanate  has  been  completed 
and  has  proven  that  a  pure  compound  can  be  made  which  shows  no  aging. 

In  the  phenomenological  study  of  the  PZT  structure  family,  the  octahedron  tilting 
has  been  inserted  as  a  new  order  parameter  and  the  problem  solved  for  both  high  (untilted) 
and  low  temperature  (oxygen  tilted)  structures.  The  two  sublattice  formalism  required 
to  describe  the  antiferroelectric  PbZr03  rich  phases  has  been  developed  and  it  is  expected 
that  a  complete  phenomenology  for  the  whole  PZT  phas  diagram  will  be  completed  next  year. 

Low  temperature  dielectric  and  piezoelectric  measurements  upon  well  defined  pure  PZTs 
have  continued  to  permit  separation  of  extrinsic  domain  and  defect  related  contributions 
to  the  response. 

Work  on  the  high  anisotropy  lead  titanate  based  ceramics  has  progressed  to  the  point 
that  it  is  now  very  clear  that  complex  e,  d  and  s  constants  are  needed  to  fully  characterize 
the  system,  and  that  there  is  a  genuine  zero  crossing  in  the  real  part  of  d3i  leading  to 
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tions. 

In  the  associated  programs,  extensive  preparative  work  has  been  essential  to  'back 
up'  the  ongoing  studies  reported  above.  Crystal  growth  work  has  continued  on  the  lead 
barium  niobate  bronze  compositions  required  for  morphotropic  phase  boundary  studies,  and 
upon  the  KMnF3  crystals  required  for  electrostriction  studies. 
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1.0  INTRODUCTION 

This  annual  report  documents  the  work  carried  out  on  the  first  year  (January  31, 1986  to 
February  1,  1987)  of  a  new  three-year  extension  of  ONR  Contract  No.  N00014-82-K-0339 
"Piezoelectric  and  Electrostrictive  Materials  for  Transducer  Applications."  Following  already 
well-established  custom,  the  work  is  documented  largely  through  reprints  of  papers  published  by 
investigators  on  the  program  and  this  method  is  continued  in  this  current  report  To  key  this 
rather  large  assemblage  of  information  carried  in  reprint  form  in  the  technical  appendices,  a  brief 
overview  summary  is  given  to  highlight  the  points  of  major  progress.  For  convenience  in 
accessing  the  data  which  is  now  circulated  to  more  than  160  users  both  the  summary  and  the 
appendices  are  divided  into  four  major  topic  areas: 

1 .  Piezoelectric  and  Related  Composites 

2.  Electrostrictive  Materials 

3 .  Phenomenology  and  Properties  of  Conventional  Ceramic  Piezoelectrics 

4.  Associated  Programs 

During  the  year,  personnel  from  the  program  took  a  major  role  in  the  technical 
organization  of  ISAF86.  Dr.  R.E.  Newnham  was  program  chairman,  and  four  of  the  eight 
program  committee  were  from  this  Laboratory.  Focus  on  this  program  accounts  for  the  ’bulge' 
in  the  number  of  papers  presented  this  year. 


2.0  PIEZOELECTRIC  AND  RELATED  COMPOSITES 


2.1  IntrofliKtion 

The  balance  of  topics  under  study  has  not  changed  significantly  since  last  year.  Major 
emphasis  is  still  upon  the  0-3  connected  composites,  but  in  view  of  the  importance  of  the  filler 
powders,  more  emphasis  has  been  placed  upon  preparation  of  more  perfect  powders  and  upon 
characterizing  the  poling  and  performance  quantitatively. 

For  the  newer  3-0  connectivity,  the  higher  filling  factor  (~  70  vol%)  give  the  possibility 
of  generating  a  more  complete  family  of  composites-grading  properties  almost  continuously 
from  pure  ceramic  to  those  of  pure  polymer  phases. 


2.2 


0-3  Connected  Ceramic.-Polvmer  Composites 
To  further  test  the  hypothesis  that  the  properties  of  0-3  ceramic  polymer  composites  are 
markedly  dependent  on  the  homogeneity  and  perfection  of  the  ceramic  powder,  mixed  oxide,  sol- 
gel  and  chemical  co-precipitation  routes  have  been  used  to  prepare  high  purity  lead  titanate 
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powders.  As  starting  chemicals  Pb(C2H302)2-3H20  and  Ti(OC3H7)4  were  used  in  the  sol-gel 
method,  Pb(N03)2  and  T1CI4  in  the  co-precipitation  method  and  PbO  and  T1O2  as  mixed  oxides. 

For  all  three  methods,  final  calcining  was  in  the  range  of  800-900°C.  SEM  studies 
showed  that  the  co-precipitation  method  produced  highly  crystalline  clean  powder  with  a  narrow 
size  distribution  about  5  p.  meters.  The  sol-gel  powders  were  also  highly  crystalline  with  a  much 
broader  size  distribution  containing  obvious  hard  aggregates.  As  expected  the  mixed  oxide 
powder  was  less  well-crystallized  with  a  broad  size  distribution. 

Fabrication  was  with  Eccogel  1365-0  polymer  at  a  70%  volume  loading  of  the  lead 
titanate.  Poling  was  effected  between  painted  air-drying  silver  electrodes  at  the  maximum  field 
permitted  which  was  in  the  range  80-115  KV/cm  at  75°C. 

Poling  was  checked  using  the  001  and  100  x-ray  line  intensities  from  the  lead  titanate 
diffraction  pattern.  Both  sol-gel  and  co-precipitated  powder  composites  could  be  more 
completely  poled  at  lower  fields  than  the  mixed  oxide  prepared  materials. 

From  the  physical  measurements  d33,  d3i,  dh,  K33,  gh  and  the  dhgh  product  were 
superior  in  the  co-precipitated  powder  as  compared  to  sol-gel  or  oxide  generated  material.  Both 
dh  and  gh  showed  no  pressure  dependence  up  to  1000  psi,  and  the  co-precipitated  material 
showed  no  significant  aging.  The  best  figure  of  merit  dhgh  was  over  4,000  x  10'^  M^/N. 

Work  is  now  in  progress  to  explore  hydrothermal  preparation  of  the  PbTiC>3  which 
should  produce  even  more  perfect  crystallinity. 

2.3  Piezoelectric  Paints 

0-3  ceramic-polymer  composites  have  been  produced  using  a  paint  technology  with  a 
water  based  methacrylic  co-polymer  emulsion,  modified  by  suitable  surfactants  and  rheology 
agents.  Loading  of  the  PZT  or  lead  titanate  powders  was  in  the  range  60  to  70  volume  %  for  the 
final  dried  film.  The  paint  was  cast  onto  a  roughened  brass  plate  air  dried  for  24  hours,  then 
oven  dried  at  1 10°C  for  an  additional  24  hours  to  remove  all  water.  Gold  electrodes  were  sputter 
deposited  onto  the  dried  films  for  poling  and  measurement  After  poling  using  fields  in  the  range 
50  to  140  KV/cm  d33  values  up  to  40  pc/N  were  achieved. 

2.4  3-0  Fired  Composites 

Composites  with  more  than  70  volume  %  ceramic  loading  have  been  prepared  by  a  new 
method.  In  this  technique,  the  pressed  ceramic  powder  is  pre-fired  at  a  relatively  low  (800°C) 
temperature,  then  the  polymer  filler  is  vacuum  impregnated  into  the  pre-fired  ceramic.  Using  this 
method,  higher  density  and  improved  connectivity  is  achieved.  Suitably  prepared  samples  could 
be  corona  poled  to  yield  d33  values  up  to  90  pc/N  and  dhgh  values  of  1,750  10*^  M^/N. 
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We  believe  that  by  further  development  of  this  method  it  may  be  possible  to  produce  a 
range  of  composites  intermediate  between  the  conventional  0-3  and  the  full  ceramic  PZTs  which 
may  find  use  as  both  transmitting  and  receiving  elements. 
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Photo-resist  techniques  have  been  used  to  define  small  scale  structures  in  piezoelectric 
PZT  ceramics  using  etchants  which  attack  preferentially  at  the  grain  boundary.  Very  small  scale 
bar  resonators  have  been  defined  with  flexure  modes  in  the  frequency  range  10  to  100  KHz  and 
lengthwise  resonances  from  200  KHz  to  1  MHz.  Use  of  the  transducers  in  micro  density  meters 
and  in  viscometers  has  been  explored.  The  method  has  also  been  used  to  generate  spiral  delay 
lines,  and  thickness  mode  resonators  which  show  no  coupling  into  harmonics  of  the  radial 
modes. 


Work  has  continued  jointly  with  NSF  support  and  GTE  collaboration,  to  explore  the 
possible  application  of  the  Fresnoite  structure  modified  polar  glass  ceramics  to  the  problem  of  an 
inexpensive  but  temperature  compensated  surface  acoustic  wave  (SAW)  substrate  for  TV  line 
filter  applications.  Using  a  TiC>2  modifier  SAW  coupling  factors  over  1%  were  achieved  with 
temperature  coefficients  of  -7  ppm/°C  and  attenuation  of  only  10  dB/cm. 

3,0  ELECTROSTRICTION 

3.1  Introduction 

In  basic  theory  the  Mathematical  Framework  for  Lattice  Dynamics  in  the  harmonic 
approximation  based  on  the  charge  transfer  model  is  being  worked  out  and  an  extension  to  the 
anharmonic  properties,  including  electrostriction  attempted. 

Experimentally  the  temperature  dependence  of  second  and  third  order  elastic  constants 
has  been  determined  for  KMnF3,  needed  data  for  input  to  the  theory  and  a  complete 
determination  of  the  electrostriction  tensor  components  for  single  crystal  KMnF3  has  been 
completed  using  the  compressometer  designed  in  out  laboratory. 

For  more  practical  electrostrictors,  the  compressometer  method  has  been  used  to  explore 
electrostriction  in  a  range  of  alkali  silicate,  aluminosilicate  and  borosilicate  glasses.  In  the  lead 
magnesium  niobate  lead  titanate  ceramics,  an  extended  study  of  the  aging  behavior  revealed  that 
aging  could  be  eliminated  by  very  careful  stoichiometry  control. 

To  enlarge  the  family  of  available  relaxor  ferroelectrics  which  would  be  available  for 
electrostrictive  applications  considerable  work  has  been  done  in  exploring  phase  stability  in  the 
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lead  zinc  niobate  (PZN)  family,  and  on  techniques  for  improving  the  stability  of  the  useful 
perovskite  phase  by  minor  additions  of  PbTiC>3  and  BaTi03. 


3.2  Basic  Theory 

Effort  during  the  contract  period  was  concentrated  upon  working  out  the  mathematics  for 
lattice  dynamics  in  the  harmonic  approximation  based  on  the  charge  transfer  model.  This  work 
was  essentially  completed,  but  to  be  useful  in  the  context  of  the  present  study  it  has  to  be 
extended  to  anharmonic  properties  and  that  work  is  now  in  progress,  so  that  electrostriction  can 
be  handled.  In  view  of  the  mathematical  complexity  initial  application  will  be  only  to  the  simplest 
of  structures  such  as  alkali  halides  and  perovskites. 

In  a  spin-off  from  the  earlier  considerations  of  electrostriction  in  SrTiC>3  calculations  have 
been  made  of  the  thickness  and  of  the  energy  density  in  the  improper  ferroelastic  domain  walls  in 
SrTiC>3  at  temperatures  below  the  R  point  instability  at  1 10°K. 

3.3  Experimental  Studies 

3.3.1  Elastic  Properties  of  KMnF3 

Using  single  crystals  of  KMnF3  grown  under  this  program,  acoustic  time  of  flight 
experiments  have  been  used  to  measure  the  elastic  constants  csn,  csi2,  cs44  as  a  function  of 
temperature  over  the  range  from  200  to  400°C.  Pressure  derivatives  of  the  elastic  constants  were 
used  to  derive  the  third  order  constants  cm,  ci23  and  ci66  and  to  explore  unusual  temperature 
dependence  in  C144,  C456  and  ci  12. 

A  comparison  to  other  measured  third  order  elastic  constants  in  perovskite  trifluorides 
Table  3.1  shows  that  KMnF3  is  not  highly  anomalous. 
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Table  3.1 

Comparison  of  third  order  elastic  constants  for  some  perovskite  compounds  at 
room  temperature  [units  of  10*0  N/M^] 


SrTi03 

KZnF3 

KMnF3 

RbMnF3 

CsCdF3 

a(A) 

3.905 

4.055 

4.19 

4.25 

4.465 

cm 

-496±43 

-166 

-137 

-184 

-132 

cl  12 

-77±16 

-47.5 

-2.5 

-24 

-45.5 

C166 

-30±12 

-17.9 

-14 

-18 

-6.9 

C123 

2±43 

32 

-44 

4 

26 

C144 

-81±24 

-5.2 

1.2 

-6 

-31.2 

C456 

9±27 

-68.7 

-2.1 

-5 

-38 

3.3.2  Electrostriction  in  KMnF3 

For  the  single  crystals  grown  in  our  laboratory,  the  original  compressometer  designed 
b>  Meng  and  Cross  had  to  be  modified  to  accept  smaller  samples.  After  careful  testing  to 
assure  that  stray  capacitances  could  be  kept  under  control,  the  guard  circuit  was  not  used  and 
two  terminal  measurements  carried  through.  The  data  for  KMnF3  is  summarized  in  Table  3.2. 


Table  3.2 

Electrostriction  coefficients  of  single  crystals 


Mu 

Mi2 

M44 

Mh 

Qll 

QI2 

Q44 

Qh 

KMnF3 

2.72 

-.538 

6.58 

1.64 

.453 

-.0896 

1.10 

.274** 

BaTiC>3 

.11 

-0.45 

.02** 

CaF2fl 

-1.32 

1.17 

5.07 

1.02 

-.508 

.450 

1.95 

.392 

SrF2fl 

-1.16 

1.09 

5.38 

1.02 

-.331 

.311 

1.53 

.291 

BaF2H 

-1.07 

1.23 

5.94 

1.39 

-.340 

.390 

1.88 

.441 

M:  coefficients  are  in  unit  of  10*21  M*2v2  and  Q  in  M^C"2. 
*:  from  Uchino,  et  al.,  1984. 

**:  from  Uchino,  et  al.,  1980. 

H:  from  Meng,  Sun  and  Cross,  1984. 
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3.3.3  Electrostriction  in  Glass 

Measurements  on  trisilicate  and  aluminosilicate  glasses  are  summarized  in  appendices. 

3.3.4  Aging  Studies  on  Lead  Magnesium  Niobate 

In  view  of  the  already  large  scale  use  of  lead  magnesium  niobate:lead  titanate 
compositions  for  actuators  in  precise  surface  deformable  mirror  applications  it  was  important  to 
prove  that  the  dielectric  aging  effects  (which  would  affect  dimensions)  observed  in  PLZT 
relaxors  could  be  avoided  in  PMN  and  PMN:PT  compositions.  The  studies  in  appendices 
shows  very  clearly  that  carefully  made  PMN:PT  does  not  age,  but  that  aging  as  in  the  PLZTs 
can  be  introduced  either  by  aliovalent  impurities  (MnO  doping)  or  by  going  off  stoichiometry 
(excess  PbO)  in  processing. 

3.3.5  Compositions  Based  on  Lead  Zinc  Niobate 

Studies  on  lead  zinc  niobate  (PZN)  based  compositions  have  focussed  upon  the  basic 
problem  of  stabilizing  this  exciting  material  in  the  proper  perovskite  phase.  From 
electronegativity  and  Goldschmidt  tolerance  factor  considerations  it  is  clear  that  PZN  and  PIN 
are  right  on  the  limit  of  stability  of  the  perovskite  vs.  a  pyrochlore  form. 

Stabilization  has  been  achieved  in  the  powder  by  quenching  from  a  melt  using  excess 
PbO  flux,  in  the  ceramic  stabilization  can  be  achieved  using  a  5%  addition  of  BaTi03  or  10% 
SrTi03.  A  number  of  interesting  ceramic  compositions  in  the  PZN:BT:PT  solid  solution 
system  have  been  explored. 

4.0  REGULAR  PIEZOELECTRICS 

4.1  Introduction 

Work  on  the  phenomenological  theory  for  the  PZT  family  has  been  extended  to  cover 
all  phases  up  to  the  antiferroelectric  lead  zirconate  rich  compositions.  The  theory  accounts  well 
for  the  morphotropic  phase  boundary,  the  single  cell:multi-cell  rhombohedral  phases  and  the 
tricritical  behavior  near  PZT  92:8.  A  new  tricritical  point  is  now  also  predicted  in  the  tetragonal 
phase  region. 

Dielectric  and  piezoelectric  measurements  on  undoped  PZTs  have  now  been  extended  to 
helium  temperatures  to  freeze  out  extrinsic  domain  effects  and  to  provide  data  for  the  averaged 
properties  in  random  ensembles  of  single  domain  states. 

Switching  studies  have  been  carried  through  on  soft  PZTs  to  explore  the  effects  of 
hydrostatic  pressure,  and  thus  the  possible  changes  in  speed  for  actuator  devices  using  Ps 
changes. 


In  related  studies  extensive  work  upon  the  highly  anisotropic  piezoelectric  effects  in 
modified  lead  titanates  have  been  shown  to  reside  primarily  in  intrinsic  anisotropy,  but  the  final 
near  zero  values  for  d3i  and  K31  contain  important  extrinsic  contributions  and  it  is  shown  that 
for  a  complete  explanation  real  and  imaginary  components  of  e ,  s  and  d  must  be  considered. 

4.2  Phenomenology  of  the  PZT  System 

The  Landau-Ginsburg-Devonshire  phenomenology  for  PZT  has  now  been  completed 
for  all  phases  up  to  the  antiferroelectric  PbZrC>3  rich  compositions.  The  two  sub-lattice  theory 
for  the  PbZr03  has  been  developed,  but  experimental  data  has  not  yet  been  inserted  to  define 
the  thermodynamic  constants. 

For  the  morphotropic  phase  boundary  compositions  the  fitting  is  little  changed  from 
earlier  work  by  Amin.  In  the  rhombohedral  phase,  the  octahedral  tilt  angle  0  is  inserted  as  a 
new  variable  and  equations  are  solved  for  the  spontaneous  tilts  in  the  low  temperature  multi-cell 
rhombohedral  phase. 

Rotostriction  coupling  constants  to  the  tilt  angles  arc  necessary  to  describe  the  shape 
change,  and  contrary  to  initial  expectation  rotostriction  and  electrostriction  are  not  mutually 
reinforcing.  The  first  tricritical  point  in  the  PZT  near  the  8%  PbTiC>3  composition  is  well 
reflected  in  the  phenomenology,  and  a  second  tri-critical  point  is  now  indicated  over  in  the 
tetragonal  phase  region.  The  long  range  of  second  order  behavior  embracing  most  of  the 
rhombohedral  compositions  was  not  expected. 

4.3  Dielectric  and  Piezoelectric  Measurements  on  PZTs 

Low  temperature  measurements  on  pure  very  carefully  prepared  PZT  compositions 
confirm  the  trend  observed  earlier  in  doped  hard  and  soft  compositions.  Freeze  out  of  the 
domain  contribution  was  however,  now  confirmed  by  observation  of  dielectric  hysteresis 
where  the  coercivity  is  found  to  increase  rapidly  below  ~  35°K.  The  data  for  a  wide  range  of 
sol-gel  prepared  compositions  is  being  used  to  define  the  sixth  order  stiffness  parameters  in  the 
LGD  formalism. 

4.4  Polarization  Switching  Studies 

Polarization  switching  studies  were  carried  through  on  a  soft  PZT  501 A  under  a  range 
of  hydrostatic  pressure  from  0  to  6  K-bar.  In  all  specimens  P$  and  Ec  decreased  with 
increasing  pressure.  For  coarse  grain  ~  10  \i  samples  the  effects  were  linear,  however  in  fine 
grain  samples  the  effect  was  much  steeper  and  non-linear.  The  effect  was  traced  to  the 
influence  of  grain  size  on  the  phase  distribution  for  compositions  like  the  501 A  which  is  very 
close  to  morphotropy. 
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Both  samarium  and  calcium  modified  PbTiC>3  ceramic  have  most  unusual  highly 
anisotropic  piezoelectric  character  in  poled  ceramic  form.  In  properly  chosen  compositions 
K33  -  50%  while  K31  the  transverse  coefficient  is  almost  zero.  The  anisotropy  is  observed  to 
change  with  temperature  and  the  zero  crossing  temperature  for  K3 1  is  a  complex  function  of 
both  poling  and  processing  variables. 

Our  studies  have  shown  that  the  anomaly  may  be  traced  to  a  zero  crossing  of  the  real 
part  of  d3 1 ,  but  that  complex  e  ,  s  and  d  are  essential  to  describe  the  resonance  behavior 
precisely. 

A  disadvantage  of  the  original  samarium  and  calcium  modified  compc  sitions  was  the 
low  e  33  which  makes  drive  electronics  expensive  in  simple  electromedical  applications.  By 
changing  composition  to  the  Pbo.66Ca0.34Ti0.94(Coi/2W  1/2)0.0603  +  0.01  MnO 
composition  we  were  able  to  increase  £  33  to  456  and  to  still  maintain  an  kt/kp  ~  «•. 

5.0  ASSOCIATED  PROGRAMS 

Extensive  work  has  been  carried  out  in  ceramic  preparation,  most  of  which  is  described 
in  the  topical  papers  presented  earlier.  A  broad  review  of  the  processing  characteristics  of 
relaxor  ferroelectrics  is  appended,  as  these  materials  are  of  major  importance  both  for 
transducer/actuator  structures  and  in  multilayer  ceramic  capacitors. 

Crystal  growth  work  has  been  divided  between  the  tungsten  bronze  crystals  in  the  lead 
barium  niobate  family  and  the  perovskite  trifluorides  needed  for  the  electrostriction 
measurements. 

To  confirm  Japanese  repons  of  very  exciting  properties  in  crystals  of  PZN:PT  at 
compositions  close  to  the  morphotropic  phase  boundary,  single  crystals  of  0.9 
PbZn  l/3Nb2/303  -  0.1  PbTiC>3  were  grown  from  lead  oxide  flux.  Dielectric  studies 
confirmed  the  phase  boundary  and  the  very  high  permittivity  in  the  poled  state  suggests  very 
large  coupling  coefficients. 
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August  1986  K.  Takeuchi  M.S.  in 

Electromechanical  Properties  of  Modified  Lead  Electrical 

Titanates  Engineering 

6.5  Applied  Science  Apprenticeships 

It  is  the  purpose  of  this  program  to  provide  opportunity  for  high  school  students  to 
become  acquainted,  during  their  summer  break,  with  the  workings  of  a  major  research 
laboratory  and  the  fascination  of  research  and  discover.  The  objective  is  to  have  a  maximum  of 
four  students  in  this  category  who  could  work  closely  with  the  post-doctoral  fellows  and 
graduate  assistants  in  the  Materials  Research  Laboratory  on  problems  associated  with  our  ONR 
program  in  the  Center  and  Dielectric  Studies  and  on  the  program  of  research  on  Piezoelectric 
and  Electrostrictive  Materials  for  Transducer  Applications.  These  programs  which 
encompasses  the  preparation,  characterization,  and  measurement  of  properties  of  a  wide  range 
of  new  electroceramic  and  ceramic-plastic  composites  offer  many  opportunities  in  which  the 
"extra  pair  of  hands"  and  quick  perceptions  of  a  well-motivated  high  school  student  provides 
invaluable  assistance. 

We  believe  that  the  relaxed  atmosphere  and  constant  interchange  between  faculty,  post¬ 
doctoral  fellows,  graduate  assistants,  and  technical  aides,  and  the  continuous  presence  of  many 
eminent  foreign  visiting  scientists  provides  a  very  stimulating  environment  for  the  young 
student  who  may  be  at  a  critical  juncture  in  making  decisions  as  to  longer  range  career  plans. 

A  secondary  but  not  insignificant  advantage  of  the  program  is  in  the  additional 
component  which  it  provides  in  the  education  of  our  graduate  students.  Most  of  these  young 
men  and  women  will  go  out  into  responsible  positions  in  Government  and  Industry  where  they 
will  be  called  upon  to  organize  and  supervise  the  work  of  many  junior  engineers  and 
technicians.  This  program,  which  attaches  the  technical  aid  to  a  graduate  assistant,  gives  him 
the  chance  to  organize  the  work  of  a  second  person  to  speed  his  own  program,  but  also  the 
responsibility  of  the  associated  human  problems  of  scheduling  and  humane  management.  We 
believe  it  has  been  a  most  valuable  experience  for  the  graduate  assistants  who  have  participated 
and  has  given  them  very  useful  insights  into  both  the  problems  and  the  rewards  of  "people 
management.” 

For  the  last  three  years,  we  have  developed  a  much  closer  relationship  with  the 
University's  Upward  Bound  Program,  who  are  able  to  draw  well-motivated  black  students 
from  the  Philadelphia  School  System.  Over  the  years  it  has  become  our  custom  to  issue  each 
student  participant  a  certificate  on  completion  of  the  term  at  a  small  internal  ceremony  in  MRL. 
Copies  of  certificates  given  to  our  last  three  successful  apprentices  are  appended. 
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COMPOSITE 

ELECTROCERAMICS 

/?.  £.  Sewnham 

Matenals  Research  Laboratory.  Pennsylvania  State  University. 

University  Park.  Pennsylvania  16802 

INTRODUCTION 

Composite  matenals  have  found  a  number  of  structural  applications  in 
the  aircraft  and  automobile  industnes.  but  their  use  in  electronics  is 
also  surpnsingly  widespread.  Such  applications  of  electroceramics  include 
their  use  in  multilayer  capacitors,  ptezoelectnc  transducers,  packages  for 
integrated  circuits,  high  voltage  insulators,  magnetic  tape,  varistors  for 
lightning  arrestors,  and  chemical  sensors. 

In  this  paper  we  review  some  of  the  basic  ideas  underlying  composite 
electroceramics :  sum  and  product  properties :  connectivity  r  terns,  which 
determine  field  and  force  concentration :  the  importance  periodicity 
and  scale  in  resonant  structures  ,  the  symmetry  of  comp-  :e  materials 
and  its  influence  on  physical  properties:  polychromatic  p.  .olation  and 
coupled  conduction  paths  in  composites:  vanstor  acti.  i  and  other 
interfacial  effects:  coupled  phase  transformation  phenomena  in  com¬ 
posites  ;  and  the  important  role  that  porosity  and  inner  surface  area  play 
in  many  composites. 

PROPERTIES  OF  COMPOSITE  MATERIALS 

For  convenience,  the  physical  and  chemical  properties  of  composites  can 
be  classified  as  sum  properties,  combination  properties,  and  product 
properties.  The  basic  ideas  underlying  sum  and  product  properties  were 
introduced  by  van  Suchtelen  (1).  For  a  sum  property,  the  composite 
property  coefficient  depends  on  the  corresponding  coefficients  of  its 
constituent  phases.  Thus  the  stiffness  of  a  composite  is  governed  by  the 
elastic  stiffnesses  of  its  component  phases  and  the  mixing  rule  appropriate 
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to  its  geometry.  In  general,  the  property  coefficient  of  the  composite  will 
be  between  those  of  its  constituent  phases. 

This  is  not  true  tor  combination  properties,  which  involve  two  or  more 
different  coefficients.  Poisson's  ratio  is  a  good  example  of  a  combination 
property  since  it  is  equal  to  the  ratio  of  two  compliance  coefficients.  Some 
composite  materials,  e.g.  wood  1 2).  have  extremely  small  Poisson  ratios, 
even  smaller  than  those  of  the  materials  used  to  make  the  composite. 

Product  properties  are  more  complex  and  more  interesting.  The  product 
properties  of  a  composite  involve  different  properties  in  its  constituent 
phases:  the  interactions  between  the  phases  often  causing  unexpected 
results. 

Sum  Properties 

The  dielectric  constant  will  be  used  to  illustrate  a  simple  sum  property. 
Senes  and  parallel  mixing  rules  delimit  the  bounding  conditions  for  the 
dielectric  constant  R  of  a  diphasic  composite  . 

R' +  ... 

where  Kt  and  K;are  the  dielectnc  constants  of  the  constituent  phases,  and 
V,  and  V.  are  their  volume  fractions.  The  exponent  n  is  +  1  for  parallel 
mixing  and  - 1  for  senes  mixing.  For  many  composites,  the  geometric 
arrangement  is  partly  series  and  partly  parallel,  in  which  case  R  can  often 
be  described  by  a  loganthmic  mixing  rule  for  which  the  exponent  n  %  0. 

There  are.  of  course,  many  other  mixing  rules  in  addition  to  he  series 
and  parallel  models.  These  represent  only  the  limiting  conditio  A  more 
complete  discussion  of  the  dielectnc  properties  of  heterogeneou  naterials 
is  given  in  the  classic  article  by  van  Beek  (3). 

As  examples  of  composite  ferroelectrics.  let  us  consider  the  temperature 
dependence  of  capacitors.  Depressors  are  materials  that  are  added  to  a 
high  K  capacitor  formulation  to  depress  its  peak  at  the  Curie  point,  thus 
producing  a  flatter  temperature  dependence  curve.  Bismuth  stannate  and 
magnesium  zirconate  are  often  used  as  depressors  for  barium  titanate 
multilayer  ceramics.  These  additives  form  a  second  phase  in  the  grain 
boundary  regions  of  the  ceramic.  The  grain  boundary  phase  has  a  much 
lower  dielectric  constant  than  BaTiO<  and  depresses  the  dielectric  constant 
of  the  ceramic,  largely  through  the  series  mixing  rule.  Low  K  boundary 
phases  in  series  with  high  K  grains  have  a  much  greater  effect  on  the 
permittivity  than  do  those  in  parallel.  The  brick-wall  model  gives  a  good 
description  of  diphasic  ceramic  dielectrics  (4). 

Composite  ceramics  are  also  useful  in  high  voltage  applications.  The 
dielectric  ceramics  of  BaTiOi  multilayer  capacitors  decreases  substantially 
under  high  voltage  fields,  often  by  100%  or  more.  This  is  normal 
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behavior  for  ferroelectric  materials  in  which  the  polarization  saturates,  but 
antiferroelectnc  substances  such  as  NaNbO,  behave  differently.  The 
dielectric  constant  of  sodium  niobate  is  nearly  independent  of  bias  field 
as  its  metastable  ferroelectric  structure  begins  to  influence  the  permittivity 
under  high  fields. 

Capacitor  compositions  with  enhanced  permittivity  at  high  fields  have 
been  manufactured  from  composites  made  from  BaTiO-.  and  NaNbOi. 
Fast-firing  a  mixture  of  BaTiOi  and  NaNbOi  causes  the  NaNbOi  to  melt 
and  coat  the  grains  of  BaTiOi.  producing  a  composite  structure  with 
ferroelectric  grains  embedded  in  an  antiferroelectnc  matrix.  By  adjusting 
the  composition  and  firing  schedule,  a  capacitor  with  field-independent 
permittivity  can  be  produced  (4). 

Insulators  with  low  dielectric  constants  are  required  for  microwave 
lead-through  seals  (5).  By  introducing  60  vol.%  porosity  in  a  foamed 
lithium  aluminum  silicate  glass,  its  dielectric  constant  is  reduced  from 
5.6  to  2.1.  [Decreasing  the  dielectnc  constant  increases  the  speed  of 
electromagnetic  waves  traveling  along  conducting  wires  embedded  in  the 
composite.  The  speed  is  doubled  by  replacing  alumina  {K^9)  with 
porous  glass  (K  -  2). 

Combination  Properties 

For  simple  mixing  rules  the  properties  of  a  composite  lie  between  those 
of  its  constituent  phases,  but  combination  properties  invoh  wo  or  more 
coefficients  which  may  average  in  a  different  way. 

For  example,  acoustic  wave  velocity  determines  the  reson  it  frequency 
of  piezoelectric  devices.  The  velocity  of  waves  propagat:  g  along  the 
length  of  a  long,  thin  rod  is  r  =  (£  p)1  -.  where  E  is  You.ig's  modulus 
and  p  is  the  rod's  density.  Fiber-reinforced  composites  often  have 
very  anisotropic  wave  velocities.  Consider  a  compliant  matrix  material 
reinforced  with  parallel  fibers.  Long,  thin  rods  fashioned  from  the 
composite  have  different  properties  when  the  fibers  are  oriented  parallel 
or  perpendicular  to  the  length  of  the  rod.  The  wave  velocities  are  much 
faster  for  rods  with  longitudinally  oriented  (t\)  fibers  than  for  those  with 
transversely  oriented  (rT)  ones. 

Experimental  data  (6)  for  composites  made  from  steel  filaments 
embedded  in  epoxy  conform  closely  to  the  equations  for  rL  and  rr.  It  is 
interesting  to  note  that  rr.  the  wave  velocity  for  waves  traveling  transverse 
to  the  fibers,  is  less  than  the  velocity  of  both  epoxy  and  steel,  the  two 
phases  that  make  up  the  composite.  The  slowness  of  this  wave  results 
from  the  different  dependencies  of  density  and  stiffness  on  volume  fraction. 
This  difference  in  mixing  rules  for  E  and  p  cause  the  combination  property 
i  T  to  lie  outside  the  range  of  the  end  members.  The  longitudinal  wave.  i\. 
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behaves  more  normally:  E  and  p  follow  the  same  mixing  rule  and  the 
values  for  pL  lie  between  those  of  the  end  members. 

Product  Properties 

The  interaction  of  different  properties  in  the  two  phases  of  a  composite 
result  in  yet  a  third  property,  a  product  property.  The  combination 
of  different  properties  of  two  or  more  constituents  sometimes  yields 
surprisingly  large  product  properties.  Indeed,  in  a  few  cases,  product 
properties  are  found  in  composites  that  were  entirely  absent  in  the  phases 
that  make  up  the  composite.  Table  I  lists  a  few  of  the  hundreds  of  possible 
product  properties  (1).  including  several  described  in  this  article. 

Several  of  the  most  sensitive  magnetic  field  sensors  are  composite 
materials  that  utilize  product  properties.  In  the  magnetoresistive  field 
plate  (7)  a  composite  of  InSb  and  NiSb  is  directionally  solidified  to  form 
parallel  NiSb  needles  in  an  InSb  matrix.  A  long  rectangular  segment  of 
the  composite  is  electroded  across  the  ends  with  the  NiSb  fibers  parallel 
to  the  electrodes  and  transverse  to  the  length  of  the  composite.  InSb  is  a 
semiconductor  with  a  large  Hall  effect  and  NiSb  is  metallic  and  highly 
electrically  conductive. 

When  an  electric  current  Sows  along  the  length  of  the  bar  and  a 
magnetic  field  is  applied  perpendicular  to  the  current  and  perpendicular 
to  the  NiSb  needles  the  current  is  deflected  because  oi  the  Hall  effect. 
Normally  this  would  result  in  an  electrical  field  transver>e  to  the  current 
and  the  magnetic  field,  but  the  NiSb  needles  short  out  the  field.  Electric 
current  continues  to  be  deflected  as  long  as  the  magnetic  field  is  present. 
The  resulting  product  property  is  a  large  magnetoresistance  effect. 

Magnetic  field  probes  are  also  made  from  ferroelectric  BaTiOj  and 
ferrimagnetic  cobalt  titanium  ferrite  (8.9).  A  dense  eutectic  mixture  of 
the  perovskite  and  spinel-structure  phases  was  obtained  by  directional 
solidification,  and  then  was  electrically  poled  to  make  the  BaTiO,  phase 


TaMt  1  Examples  of  product  properties  ( I ) 


Property  of 
phase  1 

Property  of 
phase  2 

Composite  product 
property 

Thermal  expansion 

Electrical  conductivity 

Thermistor 

Magnetostriction 

Piezoelectricity 

Magnetoeiectnctty 

Hall  effect 

Electrical  conductivity 

Magnetoresistance 

Photoconductivity 

Electrostnction 

Photostriction 

Superconductivity 

Adiabatic  demagnetization 

Electrothermal  effect 

Piezoelectricity 

Thermal  expansion 

Pyroelectricity 
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piezoelectnc.  When  a  magnetic  field  is  applied  to  the  composite  the  femte 
grains  change  shape  because  of  magnetostriction,  and  the  strain  is  passed 
along  to  the  piezoelectnc  grains,  resulting  in  an  electrical  polarization. 
Magnetoelectric  effects  a  hundred  times  larger  than  those  in  Cr;Oi  are 
obtained  in  this  wav  Further  research  in  this  area  led  to  the  development 
of  a  broadband  magnetic  held  probe  with  an  exceptionally  fiat  frequency 
response  up  to  650  kHz  ( 10). 

SYMMETRY  OF  COMPOSITE  MATERIALS 

A  wide  variety  of  symmetries  are  found  in  composite  matenals.  including 
crystallographic  groups.  Cune  groups,  black-and-white  groups,  and  color 
groups.  In  describing  the  symmetry  of  composite  materials,  the  basic  idea 
is  Curie's  principle  of  symmetry  superposition  :  A  composite  matenal  will 
exhibit  only  those  sy  mmetry  elements  that  are  common  to  its  constituent 
phases  and  their  geometrical  arrangement.  The  practical  importance  of 
Curie's  principle  rests  upon  the  resulting  influence  on  physical  properties. 
Generalizing  Neumann's  law  from  crystal  physics :  The  symmetry  elements 
of  any  physical  property  of  a  composite  must  include  the  symmetry 
elements  of  the  point  group  of  the  composite. 

Crystallographic  Groups 

Laminated  composites  are  good  examples  of  comp>  :e  matenals  that 
conform  to  crystallographic  symmetry.  In  a  umdirev  >nal  laminate  the 
glass  fibers  are  aligned  parallel  to  one  another,  such  at  a  laminate  has 
orthorhombic  symmetry  (crystallographic  point  gro  p  mmm).  Mirror 
planes  are  onented  perpendicular  to  the  laminate  normal  and  perpen¬ 
dicular  to  an  axis  formed  by  the  intersection  of  the  other  two  mirrors. 
The  physical  properties  of  a  unidirectional  laminate  must  therefore  include 
the  symmetry  elements  of  point  group  mmm.  If  the  laminate  is  heated  it 
will  change  shape  because  of  thermal  expansion.  Less  expansion  will  take 
place  parallel  to  the  fiber  axis  because  glass  has  a  lower  thermal  expansion 
and  greater  stiffness  than  does  the  polymer.  The  laminate  will  cherefore 
expand  anisotropicallv  but  will  not  change  its  symmetry,  i.e.  the  heated 
laminate  continues  to  conform  to  point  group  mmm. 

A  cross-ply  laminate  is  made  up  of  two  unidirectional  laminates  bonded 
together  with  the  fiber  axes  at  90  Such  a  laminate  belongs  to  tetragonal 
point  group  32m.  as  indicated  in  Table  2.  Laminated  composites  with 
±6  angle-ply  alignment  exhibit  orthorhombic  symmetry,  which  is  con¬ 
sistent  with  point  group  222  characteristics. 

Other  types  of  symmetry  elements  can  also  be  introduced  during 
processing.  The  extruded  honeycomb  ceramics  used  as  catalytic  substrates 
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TeMe  2  Symmetry  groups  of  representative  composites 


Composite  type 

Symmetry  group 

Unidirectional  laminate 

mmm 

Cross-ply  laminate 

Angle-ply  laminate 

222 

Tetragonal  honeycomb  extrusion 

Unpoled 

i  mmm 

Longitudinally  poled 

4mm 

Transversely  poled 

mm2 

Glass-ceramic 

x  xm 

Polar  glass-ceramic 

xm 

Ferroelectric-ferromagnetic  composite 

Unpoled,  unmagnetized 

x  xm 

Poled,  unmagnetized 

xm 

Unpoled,  magnetized 

Xitnm' 

Parallel  poled  and  magnetized 

xm 

Transverse  poled  and  magnetized 

2  mm 

are  an  interesting  example  (II).  By  suitably  altering  the  die  used  in 
extruding  the  ceramic  slip,  a  large  number  of  different  symmetries  can  be 
incorporated  into  the  composite  body  when  the  extrude  ,  form  is  filled 
with  a  second  phase. 

Lead  zirconate  titanate  (PZT)  honeycomb  ceramics  h.i-e  been  trans¬ 
formed  into  piezoelectric  transducers  by  electroding  and  poling.  The 
symmetry  of  the  honeycomb  transducers  depends  on  the  symmetry  of  the 
extruded  honeycomb  and  also  on  the  poling  direction.  For  a  square 
honeycomb  pattern,  the  symmetry  of  the  unpoled  ceramic  is  tetragonal 
(4  mmm)  with  a  fourfold  axis  parallel  to  the  extrusion  direction.  When 
poled  parallel  to  the  same  direction  (12).  the  symmetry  changes  to  4mm 
Transversely  poled  composites  filled  with  epoxy  are  especially  sensitive 
to  hydrostatic  pressure  waves  ( 13).  and  in  this  case  the  symmetry  belongs 
to  orthorhombic  point  group  mm2. 

Curie  Groups  and  Magnetic  Symmetry 

The  piezoelectric  properties  and  symmetry  of  natural  composites,  such  as 
wood  and  bone,  conform  to  their  texture  symmetries  ( 14)  Some  texture 
symmetry  groups  belong  to  the  32  crystallographic  point  groups,  but 
others  do  not.  Composite  bodies  with  texture  may  also  belong  to  one  of 
the  Curie  groups:  x  xm.  x  x.  x  mm.  xm.  x  m.  x2.  and  x  Polar 
glass  ceramics  with  conical  symmetry  can  be  used  to  illustrate  this  idea 
( 1 5).  A  glass  can  be  crystallized  under  a  strong  temperature  gradient  such 
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that  polar  crystals  grow  like  icicles  into  the  interior  from  the  surface. 
Certain  glass-ceramic  systems,  such  as  Ba2TiSi20,  and  Li2Si20j,  show 
sizable  pyroelectric  and  piezoelectric  effects  when  prepared  in  this  manner. 
Polar  glass  ceramics  belong  to  the  Curie  point  group  xm,  the  point 
group  of  a  polar  vector.  As  the  glass  is  crystallized  in  a  temperature 
gradient,  its  symmetry  changes  from  spherical  (xxm)  to  conical  (xm), 
the  same  symmetry  found  in  a  poled  ferroelectric  ceramic. 

To  describe  the  magnetic  fields  and  properties  it  is  necessary  to  introduce 
the  black-and-white  Cune  groups.  Magnetic  fields  are  represented  by 
axial  vectors  with  symmetry  x  mm'.  The  symbol  m'  indicates  that  the 
mirror  planes  parallel  to  the  magnetic  field  are  accompanied  by  time 
reversal. 

The  magnetoelectnc  composite  described  previously  is  an  excellent 
illustration  of  the  importance  of  symmetry  in  composite  materials.  In 
combining  a  magnetized  ceramic  (symmetry  group  x/mm  ),  the  symmetry 
of  the  composite  is  obtained  by  retaining  the  symmetry  of  elements 
common  to  both  groups :  xm'. 

An  interesting  feature  of  this  symmetry  description  is  its  effect  on 
physical  properties.  According  to  Neumann's  law,  the  symmetry  of  a 
physical  property  of  a  material  must  include  the  symmetry  elements  of 
the  point  group.  The  symmetry  of  a  magnetized  ceramic  and  a  poled 
ferroelectric  both  forbid  the  occurrence  of  magnetoelectricity,  but  their 
combined  symmetry  (xm  )  allows  it.  By  incorporating  materials  of 
suitable  symmetry  in  a  composite,  new  and  interesting  product  properties 
can  be  expected  to  occur. 

The  symmetry  of  a  magnetoresistive  field  plate  with  current  flowing 
perpendicular  to  the  fibers  is  2'mm\  the  same  symmetry  group  found  in 
crossed  electric  and  magnetic  fields. 

MAGNETIC  COMPOSITES 

Plastic  magnets  are  made  by  embedding  ferrimagnetic  ceramic  grains  in 
a  plastic  matrix.  The  processing  is  carried  out  by  rolling,  extrusion,  or 
injection  molding.  Barium  ferrite  fillers  in  nylon  6/10  or  polypheny¬ 
lene  sulfide  have  sufficient  mechanical  strength  to  withstand  normal  load- 
bearing  environments.  To  obtain  maximum  alignment,  the  ferrite  particles 
are  physically  rotated  in  a  magnetic  field  during  the  molding  process.  BH 
energy  products  equivalent  to  those  of  a  cobalt  steel  are  obtained  in  this 
way  (16).  In  addition  to  simple  mechanical  clamps  and  latches,  molded 
plastic  magnets  are  used  as  bearing  sleeves,  timing-motor  rotors,  beam- 
focusing  devices  for  television  receivers,  and  magnetic  sensors. 
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Magnetic  Tape 

Composite  magnetic  recording  media  consist  of  submicroscopic,  single 
domain  particles  of  magnetic  oxides  or  metals  immersed  in  a  polymeric 
binder  that  separates  the  particles  and  binds  them  to  the  substrate.  The 
substrates  used  in  tapes,  magnetic  cards,  and  floppy  disks  are  generally 
made  from  polyethylene  terephthalate.  while  ngid  disks  are  fabricated 
from  an  Al-Mg  alloy.  Among  the  advantages  of  the  particulate  composites 
are  low  cost,  high  yields,  high  roll-coating  speeds,  and  independent  control 
of  the  magnetic,  mechanical,  and  thermal  properties  of  the  recording  media. 

Particles  of  y-Fe:Oi  have  been  used  in  tapes  for  more  than  50  years, 
but  as  the  bit  length  of  recorded  signals  becomes  shorter,  further  im¬ 
provements  in  coercivity  are  required.  Coercive  fields  have  been  raised 
from  100  to  500  Am  by  impregnating  the  surface  of  the  iron  oxide 
particles  with  cobalt. 

The  market  for  tapes  and  disks  has  grown  to  eight  billion  dollars  a 
year,  but  a  number  of  unanswered  questions  remain  (17):  What  are  the 
relationships  among  particle  size  distribution,  switching  fields,  and  the 
overwrite  performance  of  tapes  and  disks?  Why  is  surface  impregnation 
of  cobalt  on  y-Fe:Oj  particles  superior  to  bulk  impregnation?  Why  does 
surface  treatment  with  sodium  metabisulfite  cause  a  threefold  increase  in 
coercivity?  And  finally,  how  can  mixed  assemblies  of  particles  with  various 
anisotropies  best  be  utilized  in  magnetic  recording? 

Ferromagnetic- Antiferromagnetic  Composites 

Exchange  anisotropy  can  be  developed  in  composites  by  exchange  coupling 
at  the  interfaces  between  ferromagnetic  and  antiferromagnetic  crystallites 
(18).  Interfacial  coupling  can  produce  an  exchange  anisotropy  so  great 
that  the  magnetization  cannot  be  changed  by  magnetic  fields  of  80  kA/m. 

Exchange  coupling  to  the  antiferromagnetic  phasfc  introduces  a  bias  in 
the  hysteresis  loop  that  shifts  it  along  the  magnetic  field  axis.  The 
antiferromagnetic  phase  plays  the  role  of  a  bias  field.  Among  the 
antiferromagnetic-ferromagnetic  pairs  investigated  are  CoO-Co.  NiO-Ni. 
NiFeMn-NiFe.  and  Cr;0,NiFe  (19).  Exchange  coupled  systems  have  been 
used  in  thermomagnetic  recording  (20). 

TRANSPORT  PROPERTIES 

Conductor-filled  composites  are  discussed  in  this  section ;  we  emphasize  the 
importance  of  percolation  in  random  and  segregated  mixes.  Differential 
thermal  expansion -between  matrix  and  filler  sometimes  leads  to  remark- 
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able  vanations  in  resistance  with  temperature.  Composite  positive  (PTC) 
and  negative  (NTC)  temperature  coefficient  thermistors  and  chemical 
sensors  based  on  these  ideas  have  been  fabricated. 

Percolation  in  Thick  Film  Resistors 

Most  composite  conductors  are  made  up  of  conducting  metal  particles 
suspended  in  an  insulating  polymer  matrix.  Particle  contact  and  perco¬ 
lation  require  a  larger  volume  fraction  when  the  metal  and  polymer  grains 
are  comparable  in  size.  When  the  conducting  particles  are  small  they  are 
forced  into  interstitial  regions  between  the  insulating  panicles;  this  forces 
the  conducting  particles  into  contact  with  one  another,  which  results  in 
a  low  percolation  limit. 

These  ideas  were  borne  out  by  experiments  on  copper  particles 
embedded  in  a  matnx  of  polyvinylchloride  (21).  The  critical  volume 
fraction  decreased  markedly  when  the  Cu  particles  were  far  smaller  than 
the  polymer  particles.  When  the  size  ratio  was  35 : 1  the  critical  volume 
percent  was  only  4%  Cu.  This  highly  segregated  mixing  establishes  contact 
between  conducting  copper  particles  at  a  very  low  ratio  of  conductor  to 
insulator. 

Commercial  thick  film  resistors  are  prepared  from  an  ink  consisting 
of  coarse  ( -  5  Aim)  glass  particles  and  fine  ( <  1  Aim)  metallic  panicles 
suspended  in  an  organic  liquid.  Lead  borosilicate  glasse>  and  ruthenium 
oxides  (Ru02  or  Bi:Ru;CM  are  commonly  employed.  After  screen  printing 
on  an  alumina  substrate,  the  ink  is  dried  and  slowly  fired  at  temperatures 
up  to  850°C.  Micrographs  of  the  fired  resistors  reveal  a  glassy  matrix  with 
a  network  of  connected  metal  panicles. 

Conduction  takes  place  through  the  metallic  chains  in  thick  film 
resistors  (22).  For  commercial  systems  the  electrical  conductivity  changes 
over  many  orders  of  magnitude  with  metallic  panicle  volume  fraction  rM. 
It  conforms  to  a  power  law  <r  -  K(vm-v0)‘.  where  K.  v0,  and  t  are 
constants  for  a  given  system.  Experimentally  it  has  been  observed  that 
the  constant  o0  is  very  small  (0.01-0. 1),  while  i  is  unusually  large  (2-7). 
The  functional  dependence  of  the  conductivity  is  similar  to  that  predicted 
by  theoretical  models  for  a  resistor  lattice  just  above  the  percolation 
threshold  (22),  but  the  constants  are  different.  According  to  theory,  v0  is 
0.25  for  a  simple  cubic  lattice  and  t  is  about  1.6  for  many  types  of  resistor 
lattices. 

Pike  (23)  has  reconciled  theory  and  experiment  by  proposing  a 
model  more  consistent  with  the  observed  microstructure.  The  modified 
percolation  model  consists  of  large  close-packed  glass  particles  with  tiny 
metal  particles  connecting  the  interstitial  sites. 
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Polychromatic  Percolation 

Transport  by  percolation  through  two  or  more  materials  can  be  visualized 
in  terms  of  colors.  Black  and  white  patterns  illustrate  percolation  in  a 
diphasic  solid.  Three  kinds  of  percolation  are  possible  :  (a)  percolation 
through  an  all-white  path.  (b\  percolation  through  an  all-black  path,  and 
(c)  percolation  through  a  combined  black  and  white  path.  From  a 
composite  point  of  view,  the  third  path  is  the  most  interesting  because  it 
offers  the  possibility  of  discovering  phenomena  not  present  in  either  phase 
individually.  Foremost  among  these  effects  are  the  interfacial  phenomena, 
which  arise  from  the  insertion  of  a  thin  insulating  layer  between  particles 
with  high  electrical  conductivity.  Varistors,  PTC  thermistors,  and  bound¬ 
ary  layer  capacitors  are  examples  of  such  materials.  In  ceramic  varistors 
conducting  ZnO  grains  are  surrounded  by  thin  layers  of  BU03  insulation. 
The  tunneling  of  electrons  through  this  barrier  gives  rise  to  the  varistor 
effect. 

For  three-color  systems,  a  multitude  of  conduction  paths  are  possible. 
Connectivity  requirements  for  polychromatic  percolation  have  been 
discussed  from  a  theoretical  viewpoint  by  Zallen  (24).  An  example  of 
such  a  system  is  an  easy-poling  piezoelectric  composite  made  up  of  two 
kinds  of  particles  mixed  in  an  insulating  polymer  m  rix  (25).  The  first 
kind  of  particulate  phase  in  a  piezoelectric  composite  is  PZT  (lead 
zirconate  titanate),  a  ferroelectric  ceramic  phase  that  must  be  poled  to 
make  it  piezoelectrically  active.  Poling  is  difficult  because  the  PZT  grains 
are  not  in  good  electrical  contact,  and  when  shielded  by  a  polymer,  only 
a  small  fraction  of  the  poling  field  penetrates  into  the  ferroelectric  PZT 
particles.  A  small  amount  of  a  second  conductive  filler  material  is  added 
to  facilitate  poling.  When  a  conductor  is  added  and  the  composite  is 
stressed,  electrical  contact  is  established  between  the  ferroelectric  grains, 
making  poling  possible.  Pressure  sensors  of  remarkable  sensitivity  can  be 
obtained  in  this  way. 

Composite  Thermistors 

A  second  interesting  effect  is  the  dependence  of  electrical  resistance  on 
temperature.  PTC  thermistors  are  characterized  by  a  positive  temperature 
coefficient  of  electrical  resistance.  Doped  barium  titanate  (BaTiOj)  has  a 
useful  PTC  effect  in  which  the  resistance  undergoes  a  sudden  increase  of 
four  orders  of  magnitude  just  above  the  ferroelectric  Curie  temperature 
(130°C).  The  PTC  effect  is  caused  by  insulating  Schottky  barriers  created 
by  oxidizing  the  grain  boundary  regions  between  conducting  grains  of 
rare  earth-doped  BaTiO)  (26). 
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Similar  PTC  effects  are  observed  when  polymers  are  loaded  near 
the  percolation  limit  with  a  conducting  filler.  The  Polyswttch  overload 
protector  (27)  is  made  from  high  density  polyethylene  with  carbon  filler. 
At  room  temperature  the  carbon  particles  are  in  contact,  giving  resistivities 
of  only  1  fl-cm.  but  on  heating  the  polymer  expands  more  rapidly  than 
carbon,  pulling  the  carbon  grains  apart  and  raising  the  resistivity. 
Polyethylene  expands  very  rapidly  near  130CC.  which  results  in  a  pro¬ 
nounced  PTC  effect  comparable  to  that  of  BaTiO,.  A  rapid  increase  in 
resistivity  of  six  orders  of  magnitude  occurs  over  a  30°  temperature  rise. 

As  pointed  out  by  Doljack  (27).  the  carbon-polyethylene  PTC  thermistor 
has  several  advantages  over  BaTiOj:  (a)  its  room  temperature  resistivity 
is  lower,  (i)  it  shows  PTC  behavior  at  high  temperature,  (c)  its  resistance 
is  insensitive  to  voltage,  and  (d)  the  device  has  good  thermal  shock 
resistance.  The  pnncipai  drawback  of  Polyswitch  composites  seems  to  be 
the  slow  recovery  time.  Several  hours  are  required  for  the  resistance  to 
return  to  within  10%  of  its  initial  value  at  room  temperature.  The  slow 
recovery  of  base  resistance  is  caused  by  polymer  melting  followed  by 
secondary  recrystallization  and  gradual  reformation  of  the  carbon  black 
chains  responsible  for  conduction. 

Combined  NTC-PTC  composites  have  also  been  constructed  (28). 
Vanadium  sesquioxide  (V,03)  has  a  metal-semiconductor  transition  near 
- 1 10°C  with  a  large  increase  in  conductivity  on  heating.  This  material 
can  be  incorporated  in  a  composite  by  mixing  V,05  -  wder  in  an  epoxy 
matrix.  The  filler  particles  are  in  contact  at  low  temperatures  and  exhibit 
an  NTC  resistance  change  similar  to  that  observed  in  V203  crystals  and 
single  phase  ceramics.  On  heating  above  room  temperature,  the  polymer 
matrix  expands  rapidly,  pulling  the  V.O,  grains  apart  and  raising  the 
resistance  by  many  orders  of  magnitude.  This  produces  a  PTC  effect 
similar  to  the  Polyswitch  composite.  The  net  result  is  an  NTC-PTC 
thermistor  with  a  conduction  "window"  in  the  range  -  100;C  to  +  100°C. 
This  is  a  good  example  of  the  use  of  coupled  phase  transformations  in 
composites. 

POROUS  SENSORS 

Many  kinds  of  porous  ceramic  sensors  are  under  development  for 
measuring  humidity,  methane  gas  concentration,  temperature,  and  pres¬ 
sure.  Superb  PTC  thermistors  have  been  made  from  porous  BaTiO, 
semiconductors  doped  with  antimony  (29).  A  maximum  step  in  resistivity 
of  10*  occurred  for  ceramics  with  about  20%  connected  porosity  and 
very  small  grain  size  (near  1  nm).  Oxygen  diffusion  is  essential  in  forming 
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insulaung  Schottky  barriers  between  the  conducting  ceramic  grains,  and 
porosity  enhances  the  accessibility  of  grain  boundaries  to  the  atmosphere 
during  the  critical  cooling  process  following  sintering. 

Composite  humidity  sensors  have  been  synthesized  by  loading  lithium 
fluonde  with  alumina  (30).  Differential  thermal  contraction  of  the  LiF 
matrix  and  Al:0,  filler  causes  internal  microcracks  to  open  within  the 
composite.  The  electrical  resistance  of  this  material  is  very  sensitive  to 
humidity.  Moisture  penetrates  into  the  microcracks  and  affects  the  surface 
resistance.  Conduction  probably  occurs  by  the  Grotthus  mechanism 
(HjO'  —  HjO  +  H*)  at  low  humidity  levels,  and  by  Li*  ion  conduction 
in  adsorbed  water  layers  at  high  humidity.  The  ceramic  alumina  particles 
play  an  interesting  role  in  the  composite :  Their  presence  initiates  the  micro¬ 
cracking  responsible  for  increased  surface  conduction. 

Composite  gas  sensors  have  been  constructed  based  on  similar  principles 
(31).  The  addition  of  A1;03  to  ZnO  ceramics  stabilizes  it  in  a  porous 
microstructure  ideal  for  use  in  adsorption/desorption-type  gas  sensors. 
The  porous  texture  enhances  the  electrical  conductivity  to  such  an  extent 
that  the  sensitivity  to  flammable  gases  is  adversely  affected,  but  soaking  the 
porous  structure  in  a  lithium-containing  solution  increases  its  resistivity, 
resulting  in  a  reproducible  gas  sensor  sensitive  to  methane,  propane,  and 
other  hydrocarbon  gases. 

As  pointed  out  by  Yanagida  (32),  interactions  between  two  different 
materials  can  give  rise  to  very  unusual  phenomena,  dispersing  a  basic 
refractory  (MgCr:0»)  in  an  acid  refractory  (TiO:)  prouuces  a  composite 
humidity  sensor  suitable  for  monitoring  cooking  in  electric  ovens. 

Contacts  between  p-  and  n-type  ceramic  grains  are  also  sensitive  to  hu¬ 
midity  (33).  The  l-V  characteristics  of  ZnO  (n-type)  and  NiO  (p-type)  junc¬ 
tions  change  markedly  with  humidity  and  exposure  to  flammable  gases. 

Catalytic  Coatings 

The  sensitivities  of  many  chemical  sensors  are  affected  by  catalytic 
coatings.  A  large  change  in  conductivity  occurs  in  rare  earth  perovskites 
after  chemisorption  of  flammable  gases  (34).  LaCoOj  and  similar  oxides 
have  high  electrical  conductivity  and  exhibit  oxidation-reduction  catalytic 
behavior.  In  the  oxidation  reaction  of  carbon  monoxide  or  alcohols,  the 
reactive  gases  cause  a  change  in  the  oxygen  balance  of  the  ceramic  when 
the  gases  come  into  contact  with  the  surface  at  elevated  temperature. 
CO+O**  -»CO;-t-2e'.  The  resulting  change  in  electrical  resistance  can 
be  used  to  sense  the  presence  of  reducing  gases  adsorbed  on  the  surface. 

Ferroelectric  jlanzation  is  known  to  affect  adsorptive  and  catalytic 
properties  in  certain  systems.  Studies  of  carbon  monoxide  oxidation  over 
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Pd  deposited  on  LiNbOj  crystals  show  that  the  positive  polar  surface 
interacts  strongly  with  small  Pd  particles  and  effectively  reduces  the  CO 
adsorption  bond  (35).  Electron  transfer  from  the  dispersed  metal  to  the 
ferroelectric  leads  to  an  electron-deficient  state  of  the  metal,  which 
weakens  the  metai-CO  bonding.  In  order  to  verify  the  polarization  effects, 
it  is  important  to  investigate  other  metal-ferroelectric  combinations. 

Additional  chemical  reactivity  can  be  stimulated  ultrasonically  (36) 
by  initiating  ligand  dissociation  and  activating  catalysts.  Sonocatalysis 
can  produce  intermediate  chemical  species  that  are  inaccessible  to  more 
conventional  preparative  techniques.  Piezoelectric  transducers  with  large 
surface  areas  are  of  interest  as  vibrating  substrates  for  catalyzed  chemical 
reactions. 

Fractal  Nature  of  Interface 

Interface  area  is  important  in  a  number  of  electric  applications.  In  a 
boundary  lay;*  capacitor  or  an  electrolytic  capacitor,  for  instance,  the 
capacitance  is  directly  proportional  to  the  area  of  a  thin  insulating  layer. 
To  maximize  capacitance  one  must  maximize  area,  and  this  can  best  be 
done  by  roughening  the  interface.  The  highly  etched  surface  of  a  tantalum 
electrolytic  capacitor  is  a  good  example  of  a  nodular  surface. 

Electrical  conductivity  across  an  interface  barrier  is  also  proportional 
to  surface  area.  Increasing  the  surface  area  lowers  the  electrical  resistance. 
An  example  of  this  phenomenon  can  be  found  in  the  surface  resistance 
of  a  humidity  sensor. 

For  these  reasons,  as  well  as  others,  the  irregularity  of  inner  surfaces 
is  of  great  interest  in  composites.  The  fractal  dimension  D  is  a  way  of 
characterizing  geometric  irregularities  (37).  For  straight  lines  D  *  1  and 
for  flat  surfaces  D  -  2.  Boundary  lines  lie  in  the  range  1  £  D  <  2,  and 
for  surfaces  2  £  D  <  3.  The  higher  the  D  value  of  a  surface,  the  more 
wrinkled  and  space-filling  it  is. 

Measurements  of  real  surfaces  have  been  reported  by  Avnir  and 
coworkers  (38).  The  fractal  theory  of  surfaces  makes  use  of  the  relation 
n  -  r~°,  where  n  is  the  number  of  yardsticks  of  size  r  necessary  to  cover 
the  surface  area  under  investigation.  For  flat  surfaces  n  ~  r*3.  The 
yardsticks  are  molecules  of  different  size  that  are  adsorbed  on  the  surface. 

Silica  gel  has  a  highly  irregular  surface  ( D  =•  2.94  +  0.04)  while  graphite 
is  nearly  flat  (D  -  2.07  +  0.01)  because  of  its  pronounced  cleavage.  The 
surface  regularity  of  composite  components  can  have  any  value  between 
2  £  D  <  3.  The  various  forms  of  carbon,  for  instance,  range  from  2.0  to 
2.8  (38).  Such  variations  can  be  expected  to  have  a  profound  effect  on 
the  physical  and  chemical  properties  related  to  surface  area. 
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CONNECTIVITY 

Connectivity  (39)  is  a  key  feature  in  property  development  in  multiphase 
solids  because  their  physical  properties  can  change  by  many  orders  of 
magnitude  depending  on  the  manner  in  which  connections  are  made. 

Each  phase  in  a  composite  may  be  self-connected  in  zero,  one,  two.  or 
three  dimensions.  It  is  natural  to  focus  attention  on  three  perpendicular 
axes  because  all  property  censors  are  referred  to  orthogonal  systems.  If 
we  limit  the  discussion  to  diphasic  composites,  there  are  ten  connectivities : 
0-0,  1-0.  2-0,  3-0.  1-1.  2-1,  3-1,  2-2,  2-3,  and  3-3.  Connectivity  patterns 
for  more  than  two  phases  are  similar  to  the  diphasic  patterns,  but  far 
more  numerous.  There  are  20  three-phase  patterns  and  3S  four-phase 
patterns.  For  n  phases  the  number  of  connectivity  patterns  is  (/i+3)!/3!n!. 

During  the  past  few  years  we  have  been  developing  processing  tech¬ 
niques  for  making  piezoelectric  composites  with  different  connectivities 
(40).  Extrusion,  tape  casting,  injection  molding,  and  fugitive  phase 
methods  have  been  especially  successful.  The  3-1  connectivity  pattern, 
for  instance,  is  ideally  suited  to  extrusion  processing.  A  ceramic  slip  is 
extruded  through  a  die  to  yield  a  three -dimensionally  connected  pattern 
with  one-dimensional  holes,  which  can  later  be  filled  with  a  second  phase. 
Another  type  of  connectivity  well-suited  to  processing  is  the  2-2  pattern, 
made  up  of  alternating  layers  of  the  two  phases.  The  tape  casting  of 
multilayer  capacitors  with  alternating  layers  of  metai  and  ceramic  is  a 
way  of  producing  2-2  connectivity.  In  this  arrangement  both  phases  are 
self-connected  in  the  lateral  directions  but  not  self-connected  perpendicular 
to  the  layer. 

Stress  Concentration 

The  importance  of  stress  concentration  in  composite  materials  is  well 
known  from  structural  studies,  but  its  relevance  to  electroceramics  is  not 
so  obvious.  Stress  concentration  is  a  key  feature  of  many  of  the 
piezoelectric  composites  made  from  polymers  and  ferroelectric  ceramics 
(40).  By  focusing  the  stress  on  the  piezoelectric  phase,  some  of  the 
piezoelectric  coefficients  can  be  enhanced  and  others  reduced. 

For  example,  consider  the  hydrostatic  voltage  coefficient  g„ ■  (dM  + 
dn  +  in  a  1-2-3-0  composite.  This  composite  is  made  up  of  PZT 
fibers  in  the  poling  direction  (X})  and  glass  fibers  in  the  X,  and  X2  direc¬ 
tions.  The  fibers  are  embedded  in  a  foamed  polymer  matrix.  In  terms  of 
the  1 -2-3-0  symbol,  the  PZT  is  self-connected  in  one  dimension,  the  glass 
fibers  in  two  dimensions,  and  the  polymer  in  three  dimensions,  and  the 
voids  in  none. 

Hydrostatic  stress  waves  are  converted  to  uniaxial  stresses  inside  the 
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composite.  Stress  components  in  the  X(  and  X2  directions  are  earned  by 
the  glass  fibers,  while  stresses  along  X,  act  upon  the  PZT.  Because  of  its 
greater  compliance,  the  polymer  matrix  transfers  stress  to  the  fibers. 
Foaming  the  polymer  reduces  the  Poisson  ratio  of  the  composite, 
preventing  transfer  of  stress  between  the  X)(poling>  direction  and  the 
orthogonal  X,  and  X2  directions.  As  a  result  dn  is  kept  large  while  du 
and  dn  are  reduced.  This  improves  gk  because  normally  du  and  dn  an 
opposite  in  sign  from  d„.  As  an  added  benefit,  the  dielectric  permittivity 
is  reduced  by  eliminating  much  of  the  ferroelectric  PZT  from  the 
transducer.  Improvements  in  g>  of  two  orders  of  magnitude  have  been 
demonstrated  (41). 

Advantageous  internal  stress  transfer  can  also  be  utilized  in  pyroelectric 
coefficients.  If  the  two  phases  have  different  thermal  expansion  coefficients, 
there  is  stress  transfer  between  the  phases,  which  generates  electrical 
polarization  through  the  piezoelectric  effect.  In  this  way  it  is  possible  to 
make  a  composite  pyroelectric  that  is  not  piezoelectric  (42). 

Stress  redistribution  also  occurs  in  the  piezoelectric  bimorphs  and 
unimorphs  used  as  fans,  printers,  and  speakers  (43).  Unimorphs  are  made 
by  bonding  a  thin  piezoelectric  ceramic  to  a  steel  shim  and  driving  it  in 
resonance.  The  steel  shim  restricts  extension  of  the  piezoelectric,  causing 
a  large  bending  motion.  Force  is  traded  off  for  displacement  in  the 
unimorph  and  bimorph. 

Electric  Field  Concentration 

The  multilayer  design  used  for  ceramic  capacitors  is  an  effective  con¬ 
figuration  for  concentrating  electric  fields.  By  interleaving  metal  electrodes 
and  ceramic  dielectrics  in  a  2-2  connectivity  pattern,  relatively  modest 
voltages  can  produce  high  electric  fields. 

Multilayer  piezoelectric  transducers  are  made  in  the  same  way  as 
multilayer  capacitors  (44).  The  oxide  powder  is  mixed  with  an  organic 
binder  and  tape-cast  using  a  doctor  blade  configuration.  After  drying, 
the  tape  is  stripped  from  the  substrate  and  electrodes  are  applied  with  a 
screen  printer  and  electrode  ink.  A  number  of  pieces  of  tape  are  then 
stacked,  pressed,  and  fired  to  produce  a  ceramic  with  internal  electrodes. 
After  attaching  leads,  the  multilayer  transducer  is  packaged  and  poled. 
When  compared  to  a  simple  piezoelectric  transducer,  the  multilayer 
transducer  offers  a  number  of  advantages:  (a)  The  internal  electrodes 
make  it  possible  to  generate  larger  fields  for  smaller  voltages,  eliminaung 
the  need  for  transformers  for  high-power  transmitters.  Ten  volts  across  a 
tape-case  layer  100  iim  thick  produces  an  electric  field  of  I05  V/m,  a  value 
not  far  from  the  depoling  field  of  PZT.  ( b )  The  higher  capacitance  inherent 
in  a  multilayer  design  often  improves  acoustic  impedance  matching,  (c) 
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Many  different  electrode  designs  can  be  incorporated  in  the  transducer 
to  shape  poling  patterns,  which  in  turn  control  the  mode  of  vibration  and 
the  ultrasonic  beam  pattern,  (d)  Additional  design  flexibility  can  be 
achieved  by  interleaving  layers  of  different  composition.  One  can  alternate 
ferroelectric  and  antiferroeiectnc  layers,  for  instance,  thereby  increasing 
the  depoling  field,  (e)  Crain-oriented  piezoelectric  ceramics  can  also  be 
tape  cast  into  multilayer  transducers.  Enhanced  piezoelectric  properties 
are  obtained  by  aligning  the  crystallites  parallel  to  the  internal  electrodes. 
(/)  Another  advantage  of  the  thin  dielectric  layers  in  a  multilayer 
transducer  is  improved  electric  breakdown  strength.  The  dc  breakdown 
field  for  ceramics  1  cm  thick  was  less  than  that  of  l-mm-thick  samples. 
It  is  likely  that  the  trend  toward  thinner  specimens  will  continue.  leading 
to  improved  poling  and  more  reliable  transducers. 

Multilayer  Thermistors 

For  many  applications  it  is  desirable  to  lower  the  room  temperature 
resistance  because  the  thermistor  elements  are  often  connected  in  series 
with  the  circuit  elements  they  are  designed  to  protect.  It  is  possible,  of 
course,  to  lower  the  resistivity  of  the  composite  by  altering  the  components, 
but  the  resistivity  cannot  be  lowered  indefinitely  without  degrading  the 
PTC  thermistor  effect. 

The  introduction  of  internal  electrodes  offers  a  vay  to  reduce  the 
resistance  per  unit  volume  without  affecting  the  temperature  charac¬ 
teristics.  Thermistor  devices  are  presently  being  fabricated  as  ceramic 
discs  or  as  composite  wafers.  Recently  a  way  of  making  multilayer  BaTiO, 
PTC  thermistors  (45)  has  been  developed  that  greatly  lowers  the  room 
temperature  resistance.  Barium  titanate  powder  doped  with  rare-earth 
ions  is  mixed  with  an  organic  binder  and  is  tape  cast  on  glass  slides. 
Electrodes  are  screen-printed  on  the  tapes,  which  are  then  sucked, 
pressed,  and  fired.  The  internal  electrode  configuration  is  very  similar  to 
that  in  multilayer  capacitors. 

The  basic  idea  involves  comparing  a  single  layer  disk  thermistor  with  a 
multilayer  thermistor  of  the  same  external  dimensions.  The  multilayer 
device  is  assumed  to  have  n  ceramic  layers  and  n- 1- 1  electrodes.  Let  -•< 
represent  the  area  of  the  single  layer  disk  thermistor,  t  its  thickness,  and 
p  the  resistivity.  The  resistance  of  the  disk  thermistor  is  R ,  =  pt  A.  For 
the  multilayer  thermistor  the  total  electroded  area  is  >iA  (neglecting 
margins)  and  the  thickness  is  r  n  (neglecting  the  electrode  thickness). 
The  resisunce  of  the  multilayer  device  is  *  pit  n )  nA  =  R^,rr  The 
resistivity  of  the  thermistor  is  lowered  by  a  factor  of  I  n:  with  n-1 
internal  electrodes. 
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The  feasibility  of  this  idea  has  been  demonstrated  with  a  multilayer 
device  containing  four  tape  cast  layers.  As  predicted,  the  resistance  of  the 
multilayer  specimen  is  approximately  /r(»  16)  times  smaller  with  very 
little  change  in  the  temperature  characteristic. 

SCALE  AND  PERIODICITY 

A  good  deal  has  been  written  about  the  importance  of  scale  in  magnetic, 
optical,  and  semiconductor  materials.  Many  of  the  same  effects  occur 
in  ferroelectrics :  critical  domain  sizes,  resonance  phenomena,  electron 
tunneling,  and  nonlinear  effects. 

Intrinsic  Size  Effects 

In  ferromagnetic  materials,  there  are  three  kinds  of  magnetic  structures 
for  small  panicles  (46).  Multidomain  structures  are  common  for  particles 
larger  than  a  critical  size ;  magnetization  in  large  particles  takes  place 
through  domain  wall  motion.  Below  this  critical  size,  single  domain 
particles  are  observed,  and  switching  takes  place  by  rotation  rather  than 
wall  movement,  thereby  raising  the  coercive  field.  Very  small  particles 
exhibit  a  supermagnetic  effect  in  which  the  spins  rotate  in  unison  under 
thermal  excitation.  Only  modest  magnetic  fields  are  required  to  align  the 
spins  of  adjacent  panicles. 

Analogous  behavior  in  ferroelectric  panicles  has  yet  to  be  fully 
established,  but  a  variety  of  interesting  experimental  results  are  accumu¬ 
lating  (47).  In  BaTiO]  ceramics,  single  domain  behav  ior  is  observed  in 
grains  less  than  -  1  pm  (48),  while  dielectric  phenomena  resembling  those 
found  in  superparamagnetism  are  found  in  retaxor  ferroelectrics.  The 
fluctuating  microdomains  in  this  superparaelectric  state  are  about  20  nm 
across  (49). 

Composite  materials  made  up  of  single  domain  and  superparaelectric 
panicles  have  yet  to  be  investigated  in  a  systematic  way  with  proper 
control  of  the  connectivity  and  surrounding  environment.  The  controlled 
synthesis  of  submicrometer  ferroelectric  grains  will  do  much  to  stimulate 
research  in  this  area. 

Surface  treatment  of  the  ferroelectric  phase  allows  control  of  the 
mechanical  boundary  conditions.  Titanyl  coupling  agents  are  effective  in 
bonding  PZT  to  epoxy  (50).  Mechanical  pull  tests  have  been  used  to 
demonstrate  the  strength  of  the  ceramic-polymer  bond.  Improved  stress 
transfer  and  large  piezoelectric  coefficients  in  1-3  and  0-3  piezoelectric 
composites  are  obtained  as  a  result  of  better  bonding. 

Polymers  are  about  a  hundred  times  more  compliant  than  ceramics.  If 
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a  ceramic  grain  is  surrounded  by  polymer  the  mechanical  constraints  are 
relatively  small.  This  means  that  more  complete  poling  is  possible,  as 
demonstrated  in  0-3  ferroelectric  composites  (31). 

Electrical  boundary  conditions  can  also  be  controlled  by  adjusting  the 
dielectric  constant  and  conductivity  of  the  surrounding  phase. 


Resonant  Structures 


Periodicity  and  scale  are  important  factors  when  composites  are  to  be 
used  at  high  frequencies  where  resonance  and  interference  effects  occur. 
When  the  wavelengths  are  on  the  same  scale  as  the  component  dimensions, 
the  composite  no  longer  behaves  like  a  uniform  solid. 

An  interesting  example  of  unusual  wave  behavior  occurs  in  composite 
transducers  made  from  poled  ferroelectric  fibers  embedded  in  an  epoxy 
matrix  (52).  When  driven  in  thickness  resonance,  the  regularly  spaced 
fibers  excite  resonance  modes  in  the  polymer  matrix,  causing  the  matrix 
to  vibrate  with  much  larger  amplitude  than  the  piezoelectric  fibers.  The 
difference  in  compliance  coefficents  causes  the  nonpiezoelectric  phase  to 
respond  far  more  than  the  stiff  ceramic  piezoelectric.  Composite  materials 
are  therefore  capable  of  mechanical  amplification.  Multiply  poled  piezo¬ 
electric  transducers  (MUPPETS)  have  been  fabricated  from  pre-poled 
PZT  fibers  mounted  in  a  polymer  matrix  (53). 

Domain-divided  transducers  operate  on  a  similar  principle  (54).  Multi- 
domain  crystals  and  ceramics  have  been  used  as  acou>ac  phase  plates 
and  high  frequency  transducers.  Optical  analogs  occur  in  the  twinned 
acentric  crystals  used  to  phase-match  fundamental  and  second  harmonic 
wavelengths  (55). 


Nonlinear  Phenomena 


Second  harmonic  generation  and  other  nonlinear  optical  effects  are  well 
known,  but  the  corresponding  low  frequency  phenomena  have  not  been 
thoroughly  investigated.  The  recent  surge  of  interest  in  actuators  (56)  is 
changing  this  situation.  Electrostriction  is  a  second-order  electro¬ 
mechanical  coupling  between  strain  and  electronic  field.  For  small  fields 
eiectrostrictive  strains  are  small  compared  to  piezoelectric  strain,  but 
this  is  not  true  for  the  high  fields  generated  in  composite  transducers. 

Multilayer  eiectrostrictive  transducers  (57)  made  from  relaxor  fer- 
roeiectrics,  such  as  lead  magnesium  niobate  (PMN),  are  capable  of 
generating  strains  larger  than  PZT.  Since  there  are  no  macrodomains  in 
PMN  there  are  no  ‘•walk-ofT’  effects  in  eiectrostrictive  micropositioners. 
Moreover,  poling  is  not  required  and  there  are  no  aging  effects.  The 
concentration  of  electric  fields  in  composite  transducers  makes  nonlinear 
effects  increasingly  important. 
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SUMMARY 

Some  of  the  basic  ideas  underlying  composite  electroceramics  have  been 
illustrated  in  this  paper.  By  way  of  summary,  we  might  state  them  as  Ten 
Commandments : 

1.  Sum  properties  involve  the  averaging  of  similar  properties  in  the 
component  phases,  with  the  mixing  rules  bounded  by  the  series  and 
parallel  models.  For  a  simple  sum  property  such  as  the  dielectric 
constant,  the  dielectric  constant  of  the  composite  lies  between  those 
of  the  individual  phases.  This  is  not  true  for  combination  properties, 
which  are  based  on  two  or  more  properties.  Acoustic  velocity  depends 
on  stiffness  and  density,  and  since  the  mixing  rules  for  these  two 
properties  are  often  different,  the  acoustic  velocity  of  a  composite  can 
be  smaller  than  those  of  its  constituent  phases. 

2.  Product  properties  are  even  more  complex  because  three  properties 
are  involved :  Different  properties  in  the  constituent  combine  to  yield 
a  third  property  in  the  composite.  In  a  magnetoelectric  composite, 
the  piezoelectric  effect  in  barium  titanate  acts  on  the  magnetostrictive 
effect  of  cobalt  ferrite  to  produce  a  composite  magnetoelectric  effect. 

3.  Connectivity  patterns  are  a  key  feature  of  composite  electroceramics. 
The  self-connection  of  the  phases  determines  whether  series  or  parallel 
models  apply,  and  thereby  minimizes  or  maxim  ires  the  properties 
of  the  composite.  The  three-dimensional  nature  of  the  connectivity 
patterns  makes  it  possible  to  minimize  some  tensor  components 
while  maximizing  others.  Piezoelectric  composites  made  from  parallel 
ferroelectric  fibers  have  large  d}}  coefficients  and  small  d„  values. 

4.  Concentrated field  and force  patterns  are  possible  with  carefully  selected 
connectivities.  Using  internal  electrodes,  electrostrictive  ceramics  are 
capable  of  producing  strains  comparable  to  the  best  piezoelectrics. 
Stress  concentration  is  achieved  by  combining  stiff  and  compliant 
phases  in  parallel.  A  number  of  different  hydrophone  designs  are 
based  on  this  principle. 

5.  Periodicity  and  scale  are  important  factors  when  composites  are  to 
be  used  at  high  frequencies,  where  resonance  and  interference  effects 
occur.  When  the  wavelengths  are  on  the  same  scale  as  the  component 
dimension,  the  composite  no  longer  behaves  like  a  uniform  solid. 
The  colorful  interference  phenomena  observed  in  opal  and  feldspar 
minerals  are  interesting  examples  of  natural  composites.  Acoustic 
analogs  occur  in  the  PZT-polymer  composites  used  as  biomedical 
transducers. 

6.  Symmetry  governs  the  physical  properties  of  composites  just  as  it 
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does  in  single  crystals.  The  Curie  Principle  of  symmetry  superposition 
and  Neumann's  Law  can  be  generalized  to  cover  fine-scale  composites, 
thereby  elucidating  the  nature  of  their  tensor  properties.  As  in  the 
case  of  magnetoelectric  composites,  sometimes  the  composite  belongs 
to  a  symmetry  group  that  is  lower  than  any  of  its  constituent  phases. 
Unexpected  product  properties  occur  under  such  circumstances. 

7.  Interfacial  effects  can  lead  to  interesting  bamer  phenomena  in 
composites.  ZnO-Bi-Oi  varistors  and  carbon-polymer  PTC  ther¬ 
mistors  are  important  examples  of  Schottky  bamer  effects.  Barrier 
layer  capacitors  made  from  conducting  grains  separated  by  thin 
insulating  grain  boundaries  are  another  example. 

8.  Polychromatic  percolation  is  an  interesting  concept  that  has  yet  to  be 
fully  explored.  Composites  fabricated  from  two  or  more  conducting 
phases  can  have  several  kinds  of  transport  paths,  both  single  phase 
and  mixed,  depending  on  percolation  limits  and  volume  fractions. 
Carbon-PZT-polymer  composites  can  be  poled  because  polychromatic 
percolation  establishes  flux  continuity  through  ferroelectric  grains. 
The  SiC-BeO  composites  under  development  as  substrate  ceramics 
are  another  example.  These  diphasic  ceramics  are  simultaneously 
excellent  thermal  conductors  and  poor  electrical  conductors.  A  thin 
layer  of  BeO-rich  carbide  separates  the  SiC  grains,  insulating  them 
from  one  another  electrically,  but  providing  a  good  acr  ■  sue  impedance 
match  ensuring  phonon  conduction. 

9.  Coupled  phase  transformations  in  potyphasic  solids  introduce 
additional  possibilities.  Recently  discovered  NTC-PTC  composites 
made  from  V;0,  powder  and  embedded  in  polyethylene  combine 
matrix  and  filler  materials  with  complementary  properties.  At  low 
temperatures  the  vanadium  oxide  particles  are  in  a  semiconducting 
state  and  in  intimate  contact  with  one  another.  On  passing  through  a 
semiconductor-metal  transition,  the  electrical  conductivity  increases 
by  five  orders  of  magnitude.  Further  heating  brings  the  polymer  to  a 
phase  transformation,  causing  a  rapid  expansion  in  volume,  and 
pulling  the  V-O,  particles  apart.  As  a  consequence  the  electrical 
conductivity  decreases  by  eight  orders  of  magnitude.  In  addition  to 
this  "window  material”  with  a  controlled  conductivity  range,  several 
other  composites  with  coupled  phase  transformations  were  described 
in  the  text. 

10.  Porosity  and  inner  surfaces  play  a  special  role  in  many  electroceramic 
composites  used  as  sensors.  Humidity  sensors  made  from  Al:0,  and 
LiF  have  high  inner  surface  area  because  of  thermally  induced 
fracture.  The  high  surface  area  and  hygroscopic  nature  of  the  salt 
result  in  excellent  moisture  sensitivity  of  the  electrical  resistance. 
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Chemical  sensors  based  on  similar  principles  can  be  constructed  in 
the  same  way. 
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Tki  piezoelectric  properties  of  icttral  different 
composites  with  0-3  connectivity  art  reviewed.  In 
tbcse  coapoiidi  •  pin ao« loot r lc  eatanie  ponder 
auch  t*  PbZrj_fTI  jOj  ( PZT) .  I’bTiOj  or  rta  j , II i  s - 
Tlj_fF*tOj  is  need  •>  *  filler  in  n  polymer 
■ntrii.  The  values  of  hydroatatle  voltags 
coefficient  (k  of  tbaec  composites  are  higher  than 
thn  corrsspuoding  propcrtlna  of  aiflfln  phaan 
aaterlala.  Composites  eith  KhflOj  or 
(Pb.Bll(Tl.Fn)Oj  aa  flllara  bare  higher 
piexonlactric  voltage  confflcianta  than  PZT- 
polyaer  coapoaltaa  bccauan  of  Um  greeter 
anisotropy  and  loear  dielectric  cnnataeta  of  theae 
systems.  Op  adding  a  taall  aeuuot  of  carbon  to 
the  piexoalectric  composite.  poling  can  be  carried 
ont  at  aech  lover  voltagea  and  thortar  poling 
tiaea.  aeking  it  poaaible  to  aaaa  prodace  the 
coapoaltaa.  Fabrication  of  0-3  coapoaltaa  la  a 
relatively  aiapla  proceaa  nhlcb  can  be  adapted  to 
the  production  of  piezoelectric  fabrlca,  piexo¬ 
alectric  cablea.  and  piexoalectric  paint. 

I.  Introduction 

A  hydrophone  ia  aa  underwater  microphone  or 
tranaducer  uaed  to  detect  underwater  sound.  The 
aenaitivity  of  a  hydrophone  ia  determined  by  the 
voltage  that  la  produced  by  a  hydroatatle  preaaure 
wave.  The  hydroatatle  voltage  coefficient,  g ^ . 
relatea  the  electric  field  appearing  acroaa  a 
tranaducer  to  the  applied  hydroatatle  atreaa,  and 
ia  therefore  a  uteful  paranetar  for  evaluating 
piaxoelectric  aaterlala  for  aae  In  hydrophonea. 
Another  piexoalectric  coefficient  frequently  uaed 
ia  the  hydroatatic  atrain  coefficient,  d^.  which 
deacribea  the  polarization  reaulting  froai  a  change 
in  hydroatatic  atreaa.  The  gh  coefficient  1a 
related  to  the  d^  coeffielent  by  tbe  relative 
peraittlvily  IK):  g^  -  dj|/taIC,  where  lg  ia  the 
peraittlvity  of  free  apace. 

A  uaaful  ’figure  of  nerit’  for  hydrophone 
aaterlala  la  the  product  of  hydroatatic  atrain 
coefficient  d^  and  hydroatatic  voltage  coefficient 
gh.  Thn  product  hat  the  unite  of  n’N"1. 
either  deairable  propertiea  for  a  hydrophone 
tranaducer  include  (1)  low  deneity  fur  hatter 
acouatical  eatching  with  water.  (11)  high 
conpilanca  aed  flexibility  to  that  the  tranaducer 
can  coaforai  to  any  aurface  and  wilbetend 
mechanical  ahock.  Compliance  alau  leada  to  large 
danptag  coefficienta  which  preveut  'ringing'  in  a 


passive  transducer,  and  till)  little  <>r  .... 

variation  of  the  gh  and  tl|(  coefficienta  with 
preaaere.  temperature  and  frequency. 

lead  rirconate  titanate  (I'/TII  la  aidely  uaed  aa  a 
tranaducer  veterial  becacae  of  its  hiah 
piezoelectric  coefficienta.  However  f,.r 

hydrophonea,  P7T  ia  a  poor  choice  for  several 
reaaona.  ITT  hat  a  large  piezoelectric  djj 
coefficient,  hut  ita  hydrostatic  strain 
coefficient  d^  (-  djj  ♦  2dj|)  la  aatall  because  djj 
and  2d}1  are  oppoaite  in  sign,  and  almost  cancel 
one  another.  ‘turnover.  the  high  permittivity  of 
TAT  (K  "  IhOO)  lowera  the  voltage  coefficient  gh 
to  miniaculc  values.  In  addition,  the  density  of 
PAT  (7.9  g/cmj)  makes  it  difficult  to  obtain  good 
impedance  matching  with  water.  I'/'t  ia  alan  a 
brittle  ceramic  and  for  tome  applications  a  more 
compliant  material  with  better  ahock  resistance  ia 
dea  irable . 

Other  materials  used  for  hydrophone  appl lent  ions 
are  lead  metaninbete  I'bNhjdg  1  1  and  TbTillj  . 
Their  <lh  values  are  slightly  higher  than  that  of 
TZT  (Table  I)  and  the  g^  values  are  an  urd'r  of 
magnitude  hotter  because  uf  their  o...iet 

dielectric  Constanta.  Unfor  t  nna  le  I  y  ,  ThNhj1'^  ’ml 
I'blltij  are  also  dense.  brittle  ceramics,  vlucb 
undergo  a  large  volume  chenge  at  the  Curie 
temperature,  often  causing  frseture  during 

prepare t ion. 

Polyv  iny  lidene  fluoride  (PVFj  -  ( Cllj-CF. )  B I  offers 
several  advantages  over  i’ZT  and  other 

piezoelectric  ceramics*  .  It  has  low  density, 
high  flnstbility.  snd  although  I’VFj  has  low  Hj, 
sod  d^,  the  piezoelectric  voltage  coefficient  t . 
is  large  because  of  its  ion  relative  permittivity. 

There  are,  however.  problems  associated  with  the 
use  of  I’VFj.  The  major  problem  is  the  difflmltv 
in  poling  I’VI-'j.  A  very  high  field  is  necessary  I" 
pole  I’VFj  (1.2  'tV/cm),  and  this  limits  the 
thickness  that  can  he  poletl.  Pyroelectric 
phenomena  in  I’VI-j  also  produrea  on'-sirably  large 
polsrlzsliou  fluctuations  with  l rrp? r j t u rs . 

It  is  clear  that  none  of  t ho  *  i  ~  g  I  e  ph**e 
materials  art  ideal  fur  hydrophonea  am*  there  ia 
need  for  better  piezoelectric  materials. 
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II.  Coapoeite  Piezoelectric* 


— , 


On*  approach  Co  ch*  problem  la  to  develop 
coapoaice  aecerieli  is  which  the  deeired 
propertiet  eii  b*  incorporated  through  uie  of  • 
cuabiaatioa  of  aeteriela  »ilh  different 
propertle*.  la  deetgnlag  coapotite  aaterialt  for 
bydropboae  app  1  lee t loat ,  a  logical  choice  vouid  be 
*  p tttoelectria  earaaie  aad  a  compliant  polymer. 
In  each  a  coapoalt*.  the  ceramic  produces  a  large 
piezoelectric  effect,  ebil*  l  lie  polymer  phase 
lowers  the  density  and  peraittivity  and  increases 
tb*  elastic  compliance. 

In  a  composite  tba  electric  flus  pittern  and  the 
mechanical  stress  distribution,  and  bene*  the 
resulting  physical  and  electromechanical 
propertiet,  depend  strongly  oa  the  aanner  in  which 
the  Individual  phases  are  interconnected.  In  this 
regard  tb*  connectivity  of  a  composite,  defined  as 
tb*  number  of  dimensions  in  which  each  component 
phase  is  coo t inuout ' '  is  of  crucial  importance. 
*b*a  referred  to  in  tn  orthogonal  aris  system, 
each  phase  in  a  composite  may  he  se l f -cminnc t ed  in 
zero,  one,  two,  or  three  directions.  l:or  diphasic 
composites,  there  are  tea  connectivity  patterns 
designated  at  0-0,  0-1.  0-2.  0-J,  1-1,  1-2.  1-3. 
2-2.  I-J.  end  3-3. 


During  the  pest  few  years,  a  uuaiher  of 
investigators  have  asamined  piezoelectric  ceramic- 
polymer  composites  with  different  connectivity 
patterns.  The  method  of  preparation  of  these 
composites  covers  a  aid*  spectrum  of  ceramic 
fabrication  procaasas,  and  the  p I e zoc Inc t r  ic 
properties  of  tb*  composites  depend  to  e  large 
estent,  oa  tb#  connectivity  pattern.  In  this 
paper,  a  brief  tumasary  of  the  piezoelectric 
properties  of  flczibl*  composites  with  0-3 
connectivity  le  presented.  A  more  intensive 
description  of  the  work  oa  other  P'/.T- polymer 
composites  eta  b*  found  in  recent  review 
papers'5,4’ . 


III.  Dielectric  Piezoelectric  Properties 
of  0-3  Composites 


rho  simplest  type  of  p ic zoc 1  sc l r ic  composite 
consists  of  s  polymer  matrix  loaded  with  ceramic 
powder.  la  t  composite  with  0-3  connectivity,  the 
ceramic  particles  sre  not  in  contact  v.tb  each 
other  while  tba  polymer  phase  is  sc  1 1 -conn* e ted  in 
•11  three  dimensions  (Fig.  1),  This  type  of 
composite  doos  not  have  the  desirable  stress 
concentration  factor 
connectivity  patterns'^ 
figura  of  merit  is  not  large.  In  many  ways 

thw  0-3  composite  is  similar  to  poly v iny 1 idenc 
fluoride  (PVFjJ.  Both  consist  s  crystalline 
phase  embedded  la  in  amorphous  mitrit.  and  both 
are  reasonably  flexible. 

The  first  flexible  piesoelectric  composites  were 
made  by  imbedding  P7T  particles  3-10  ye  in  size  in 
s  polyurethane  tila'^  .  Hit  J33  coc  f  f  » c  ien  t  <»f 
these  composites  were  comparable  with  l'VK,f  but 
the  value  was  lower  tbao  those  of  solid  P/T  and 
HVFj  polyiaor  liable  l). 


found  in  some  other 
so  tlie  hydrostatic 


A  similar  composite  (T  flew)  «as  developed  at 
IIim«i'>wcII  .  using  120  pm  particles  in  ■» 

s  i  I i cone- rubber  matrit.  The  djj  values  obtained 
with  these  composites  were  again  c'-pa  rab  I  n  t*» 
FVI'2-  The  me  a  au  red  p  i  eroe  I  ect  r  it  volt  ape 

coefficient  «es  tow  (Table  I)  and  farther 

improvement  of  piezoelectric  c<>#  f  f  i  c  ien  1 1  was 

necessary.  One  difficulty  with  this  typo  of 

composite  is  that  the  piezoelectric  particles  are 
smaller  in  diameter  then  the  thickness  of  j»o  I  j  r 
sheet,  and  poling  of  the  H7T  was  very  poor  because 
the  electrodes  were  not  in  direct  contact  wit*  the 
particles*  To  improve  the  properties  of  th*«e 
composites  II. s  i  ri  son  '  fabricated  a  composite  with 
®i»ch  larger  *VT  particles  up  to  2.4  mm.  Here  t  Hr 
particle  sire  approeches  the  thickness  of  the 
composite,  mid  since  the  l*ZT  pertlc I cs  e»trnj  from 
electrode  to  electrode,  near  saturation  poling  nn 
be  achieved.  The  large  rigid  R7T  particles  cm 
also  transmit  applied  stress  eilremely  welt, 
lending  to  high  djj  values  when  measurements  ar«* 
taken  across  the  particles.  Permittivity  in  tins 
composite  is  lower  than  that  of  homogeneous  l*/f, 
resulting  in  an  improved  voltage  coefficient.  Mne 
problem  with  this  type  of  composite  is  that 
complete  poling  caonot  be  achieved  end  the 
piezoelectric  properties  of  the  composite  v*rv 
from  point  to  point.  An  improved  version  of  the 
U  3  composite  was  synthesized  by  Siftri****. 
I:lefib!e  piezoelectric  composites  made  from  P/l 
spheres  and  polymers  with  0  3  connectivity 
fabricated  using  scvetal  types  of  pol>m-rs.  T»o 
techniques  were  developed  for  making  spheres  0 .  i 
to  4  mm  in  diameter.  I  he  dielectric  constant  »  f 
the  composites  were  ?fl0-4<»n  and  the  p  i  r  »»e  I  ee  t  r  *  c 
voltage  coefficients  gjj  were  45-55  «  10  ^  Vm'N. 
Ihc  high  frequency  properties  of  the  cmpf'ltc* 
were  measured  in  both  the  thickness  and  radial 
mode  of  re  s«*nnnc  e .  I  he  frequency  constants  and 
the  coupling  coefficients  of  the  comps. sites  for 
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the  thicksets  mod*  of  resonance  src  comparable 
with  the  cor  respond  ing  values  fnr  IVT.  Possible 
applications  of  the  cobpp^  tes  as  band-pass 
filters  have  been  developed  U*. 

But  an  evea  better  suggestion  has  been  put  forward 
by  Oaaao  Rather  than  using  IVT  as  the 

ceraaie  filler.  ot  modified  lead  titanetc  was 

eaployed  because  of  its  greater  piezoelectric 
anisotropy.  The  piesoe lectr ic  ceraaie  fillers 
used  io  these  composite*  arc  1’bl  iOj,  MijOj- 
aodified  PbTiO?  snd  WUj-aod  1  f  i  .'d  I'/. I  .  f  ine¬ 
grained  {—  5  j«a)  particles  of  pure  I'b liUj  *cie 

made  by  eater  quenching  sintered  ceraaice.  ehile 
those  of  modified  PbTiOj  and  P7T  *ere  made  by 
grinding  sintered  ceramics.  To  lubricate  the 
composite  bodies.  the  piezoelectric  powders  ami 
chloroprene  rubber  eere  aised  and  roiled  down  into 
0.5  am  thick  sheets  at  40*C  using  •  hot  roller, 
and  then  heated  at  19Q*C  for  20  ainutes  under  a 
pressuro  of  13  kg/ca^.  The  composites  were  poled 
in  a  100-130  kV/ca  for  30  ainutes. 

As  shown  in  Table  I.  the  hydrostatic  voltngc 
coefficient  ih  of  pure  Pbl'iOi  coapc>sitcs  is 
coaperable  to  that  of  PVFj.  *  ‘l-  2  the  g^  and 

3.  of  those  coaposites  are  plotted  ns  a  function 
of  hydrostatic  pressure  up  to  35  MPa.  PSD. 

It  it  found  that  | >  and  3.  are  independent  of 
pressure  up  to  35  «Pa(l3). 

Recently  we  Uewe  fabricated  fleiihle  coaposites 
with  a  wore  active  piezoelectric  material.  The 
piesoe leetrie  cereaic  filler  used  in  thesa 
coaposites  ia  Feft»j  (IlF-IT)  which  has 

a  very  large  spontaneous  strain. 

There  ere  two  reasons  why  large  spontaneous  strain 
is  advantageous.  First.  it  makes  it  easy  to 
obtain  a  loose  ceraaic  powder  of  rslreaoly  fine- 
grain  size.  On  cooling  froa  high  temperature,  the 
liF-KT  ceraaic  undergoes  brittle  fracture  at  the 
Curie  point  as  it  trensforas  froa  t  cubic  state  to 
a  tetragonal  phase  with  c/a  ratio  as  large  as 
1.18'*  .  fa ter-quench ing  Accelerates  the 

„  fracture  process.  further  reducing  the  particle 
size,  and  asking  it  possible  to  fabricate  very 
thin  piczo-filas.  The  second  reason  is  that  • 
large  spontaneous  strain  promotes  greater 

piezoelectric  anisotropy.  This  increases  the 

hydrostatic  sensitivity  by  reducing  the 

cancellation  between  piezoelectric  coefficients 
djj  and  djp  Banno  found  thnt  in  0  3 

composite  ferroelectric*,  pure  FbliOj  hits  a  larger 
hydroatatic  piezoelcctr ic  effect  then  I’bfZr.TiJOj. 

The  spontaneous  strain  in  PbTiOj  is  about  (•%,  In 
K7T  compositions  near  the  aorpbot rop i c  boundary, 
it  is  about  2*.  And  since  in  IlF-IT,  the 

spontaneous  strain  is  as  large  as  1*~,  we  were  not 
surprised  to  find  s  substantial  increase  in  the 
hydroatatic  voltage  coefficients  of  tho 

coapos ites . 

To  fabricate  the  composites,  the  filler  powder  is 
synthesized  froa  the  system  Tb  j  _  fl,i  fl  i  j .  fFc  f«»r 
which  there  is  a  continuous  solid  solution  across 
the  entire  coaposition  range.  The  composition  of 


the  powders  synthesized  in  this  stude  lie  in  tl»» 
r ;•  n c e  i  -  0.5-O. 7.  To  preper#  the  filler  powder, 
I’hO,  I  i  <  »2  •  Hi  2  ^  *3  "  "d  were  mi  ted  and  ball- 

millcd  with  i i reus  I  a  medde.  lb*  oiidei  were 
subjected  to  a  t  »w  tf«per«ture  (  7 < •  C  *MU9C> 
primers  calcination  f»>r  1.5  Iioum.  fat  |i*»rd  be  « 
second  high  tempe  rsfire  firing  ( oensf  |  I  . 

Writer  quenching  produces  in  sversfr  particle  *ire 
of  5  h*  (Tig.  1).  Io  fabricate  the  compos j r *  * , 
piezoelectric  ccrawlr  powders  imi  epr«r«*| 
polymer  were  ml  itJ  end  calendered  st  40*  C. 

The  calendered  mater  i  a  I  is  tl***n  cured  At  40*  muhr 
slight  pressure.  i‘»mpositcs  were  poled  in  in  mi**c 
silicone  oil  bath  by  applying  a  field  loo  i?o 
kV/ca  for  20  minutes.  The  poled 
e (In  bits  outstanding  hydrostatic  sensitivity 
attaining  values  of  a^  and  d^g^  wrl|  in  pico  ,.f 
the  values  reported  for  pure  I’hiiOj  composites 
(  l  ab  |  e  II.  1  he  g  ^  and  d ^  values  of  these 
composites  remain  virtually  constant  over  a 

broad  pressure  range  (Fig.  2) 
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IV.  Poling  Method 

A*:  mentioned  earlier.  0  3  composites  prepared  from 
IV  I'.  PM  i<»3  and  ( I’b ,  Ili  MTi .  Fe  MU  powders  are  poled 
at  very  large  field  strength  (100  150* kV/ cm  I  in 
older  to  achieve  sufficient  poling.  The  rtivm 
for  the  necessity  of  such  large  fields  will  be 
elenr  froa  the  following  discussion. 

Fnr  n  0  3  composite  consisting  r*f  spherical  grain* 
embedded  in  a  metrif.  the  electric  field  Fj  . 
acting  on  an  isolated  spherical  grain  is  given  by 

3K, 

El  ’  -----  ,:o 

•V3*: 

In  this  equation.  Kj  and  Kj  arc  1 e  dielectric 
constants  of  the  spherical  piezoelectric  rrai"i 
and  polymer  mat r  it,  respectively,  and  Vn  is 
externally  applied  electric  field.  For  a  0-3 


composite  of  PbTlOj  powder  i  nii  polymer.  Kj  -  J,m 
and  l  j  For  such  •  composite  »tlli  an  Mlcrn«  I 

field  of  100  lV/c«,  the  electric  field  net  in'*  ' * 11 
the  piaxoe  lee s t r  ic  particles  in  *»uli  jl*o»»t  5  IV/  cn 
which  is  insufficient  to  pole  the  cuwposMe. 
According  to  the  above  equation  l;  A  F  only  when 
the  dielectric  constset  of  the  p  i  e  t  ji  1  c-c  t  r  i c  phase 
approaches  the t  of  the  polymer  phase.  Most  of  the 
ferroelectric  materials  Ua  v  a  very  1*  i  g  I*  dielectric 
constants  and  hence  the  above  condition  cannot  h u 
satisf ied. 

The  importance  of  conductivity  to  poling  can  he 
assessed  by  applying  the  Ma  iwe  l  l  -  W  a  r.ne  r  »»*de  I  ' 
the  0-3  comoos  t  c  #s^^.  Tho  model  to  i 

relationship  between  the  eltctric  field  slrrnfth 
and  the  conductivities  of  the  two  phases. 

Aftor  applying  a  DC  poling  field  M  l  ho  simple  I  *r 
a  time  long  compared  to  the  sample  rrlami  i"n 
time.  the  field  distribution  in  a  l«o-lucr 
capacitor  is  given  by  [Ej/P^  -  T,,c  field 

acting  on  tho  ceramic  Is  controlled  bv  f,,<‘ 

ratio  of  the  electrical  conductivity  of  (hr 
polymer  to  that  of  the  ceramic.  S  i  » ».**••  h«?  c»u- 
ductlvity  of  the  polymer  matrix  (-10  l-cm 

is  about  100  times  smaller  than  that  of  the  I'/.  I* 
ceramic  filler  (-IQ- -ca'  * )  at  mom  temper¬ 
ature.  only  e  few  percent  of  the  p^liow  field  acts 
on  the  PZT  particles.  Under  rtoimal  puli  up 
voltages,  this  is  an  insufficient  field  strength 
for  poling  the  ferroelectric  particles. 

One  «ay  to  increase  poling  is  to  increase  the 
polymer  conduc  1 1  v  l  ty  close  to  that  of  the  l'/| 
filler.  To  do  this,  we  have  added  n  conduct  i  n  « 
third  phase  such  as  carbon  to  the  l*7T-p«l  ync  r 
composite.  In  preparing  these  composites,  /•*.? 
volume  percent  l’2T  501  and  1.5  volume  percent 
carbon  were  mired  and  dry  hall-mined.  Aftci 
ball-milling,  the  fillers  were  hand  -  m  i  ■  ed  with 
eccogel  polymer.  and  placed  in  a  ii«»ld  ntu.i, 
pressure.  It  is  found  that  the  1*ZJ  pt*  1  •  —  » 
composite  with  small  amount  of  carbon  additive  can 
be  poled  in  about  five  minutes  under  a  field  o  f 
35-40  kV/cm  at  100*C.  Fig.  3  s In* w s  the  effect  «»f 
the  poling  voltage  on  the  Jjj  values  of  t  hr 
composites  when  poling  is  carried  out  at  I2u*<\ 
It  is  observed  that  a  duration  of  five  minutes  is 
sufficient  for  full  poling  of  the  composites, 
ricxoc lec tr lc  and  dielectric  properties  of  come  uf 
these  composites  are  calculated  in  Table  l  along 
with  the  properties  of  composites  without 
conductive  phase  additive.  Further  details  of  the 
poling  method  will  be  reported  elsewhere1*^. 


Tlciiblc  0-3  composite  have  ols»S  been  developed  at 
Dell  Laboratories  by  Zipfel*  °  .  In  this 
composite  a  polyurethane  matrix  material  is  mised 
•  iib  30-40  volume  percent  of  a  nun  -  f ..  r  roc  I  cc  t  r  i  c 
filler  such  as  tartaric  acid  or  lithium  sultan* 
monohydra te .  The  liquid  misturc  is  iniccled  into 
an  evacuated  3  inch  diameter  steel  muld  having  t  *»* 
broad  faces  approximately  1.27  mm  apart.  Eli  i  U- 
the  polymer  Is  undergoing  po  I  yme  r  » in  t  i  fii ,  tin* 
composite  is  polarised  by  applying  Ityv'r-ntil  ic 
pressure  and  an  electric  field.  !u  this  • i y  the 
piezoelectric  crystals  suspended  tn  the  liquid  co 
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We  review  some  or  the  basic  ideas  underlwng  .omposite  elect roceramio  The  idea*  will  be  illustrated  *.u:h  elec¬ 
tromechanical  transducers,  tonochemical  sensors,  active  .  ibranon  aosorbers.  electronic  actuators,  and  a  varietv  or  other 
appUcauons-both  real  and  imagined. 


§1.  Introduction 

Composite  materials  have  found  a  number  of  struc¬ 
tural  applications  but  (heir  use  In  the  electronics  industry 
has  been  relatively  limited.  As  the  advantages  and  disad¬ 
vantages  of  electroceramic  composite,  are  better 
understood  we  can  expect  this  picture  to  change. 

In  this  paper  we  review  some  of  the  basic  ideas  underly¬ 
ing  composite  electroceramics:  sum  and  product  proper¬ 
ties,  connectivity  patterns  leading  to  field  and  force  con¬ 
centration,  the  importance  of  periodicity  and  scale  in 
resonant  structures,  the  symmetry  of  composite  materials 
and  its  influence  on  physical  properties,  polychromatic 
percolation  and  coupled  conduction  paths  in  composites, 
varistor  action  and  other  interfacial  effects,  coupled 
phase  transformation  phenomena  in  composites,  and  the 
important  role  that  porosity  and  inner  surface  area  play 
in  many  composites. 

$2.  Properties  of  Composite  Materials 

For  convenience  in  understanding,  the  physical  and 
chemical  properties  of  composites  can  be  classified  as 
sum  properties,  combination  properties,  and  product  pro¬ 
perties.  The  basic  ideas  underlying  sum  and  product  pro¬ 
perties  were  introduced  by  Van  Suchtelen."  For  a  sum 
property,  the  composite  property  coefficient  depends  on 
the  corresponding  coefficients  of  its  constituent  phases. 
Thus  the  stiffness  of  a  composite  is  governed  by  the 
elastic  stiffnesses  of  its  component  phases  and  the  mixing 
rule  appropriate  to  its  gometry.  In  general,  the  property 
coefficient  of  the  composite  will  be  between  those  of  its 
constituent  phases. 

This  is  not  true  for  combination  properties  which  in¬ 
volve  two  or  more  different  coefficients.  Poisson's  ratio 
is  a  good  example  of  a  combination  property  since  it  is 
equal  to  the  ratio  of  two  compliance  coefficients.  As  is 
well  known,  some  composite  materials  have  extremely 
small  values  of  Poisson’s  ratio,  smaller  than  those  of  the 
materials  used  to  make  the  composite.  Wood  is  a  good 
example  from  nature.-’’ 

Product  properties  are  more  complex  and  more  in¬ 
teresting.  The  product  properties  of  a  composite  involve 
different  properties  in  its  constituent  phases  with  the  in¬ 
teractions  between  the  phases  often  causing  unexpected 
results. 


2. 1  Sum  properties 

Dielectric  constant  will  be  used  to  illustrate  a  simple 
sum  property.  Series  and  parallel  mixing  rules  represent 
bounding  conditions  for  the  dielectric  constant  R  of  a 
diphasic  composite: 

R"  =  V.K'^V.K] - 

where  Af,  and  Ki  are  the  dielectric  constants  of  the  consti¬ 
tuent  phases,  and  V,  and'  V-  are  their  volume  fractions. 
The  exponent  n  is  t-  I  for  parallel  mixing,  and  n=  —  1  for 
series  mixing.  For  many  composites,  the  geometric  ar¬ 
rangement  is  partly  series  and  partly  parallel.  In  this  case. 
R  can  often  be  described  by  a  logarithmic  mixing  rule  for 
which  the  e'  onent  n«  0. 

There  are.  of  course,  many  other  mixing  rules  in  addi¬ 
tion  to  the  -cries  and  parallel  models.  These  represent 
only  the  limning  conditions.  A  more  complete  discussion 
of  the  dielectric  properties  of  heterogeneous  materials  is 
given  in  the  classic  article  by  van  Beek.  ’ 

As  examples  of  composite  ferroelectrics,  consider  the 
temperature  of  capacitors.  Depressors  are  materials  that 
are  added  to  a  high  K  capacitor  formulation  to  depress 
the  peak  at  the  Curie  point,  resulting  in  a  flatter 
temperature  dependence.  Bismuth  stannate  and 
magnesium  zirconate  are  often  used  as  depressors  for 
barium  titanate  multilayer  ceramics.  These  additives 
form  a  second  phase  in  the  grain  boundary  regions  of  the 
ceramic.  The  grain  boundary  phase  has  a  much  lower 
dielectric  constant  than  BaTiO,  and  depresses  the  dielec¬ 
tric  constant  of  the  ceramic,  largely  through  the  series 
mixing  rule.  Low  K  boundary  phases  in  series  with  the 
high  K  grains  have  a  much  greater  effect  on  the  permit¬ 
tivity  than  do  those  in  parallel.  The  brick  wall  model 
gives  a  good  description  of  diphasic  ceramic  dielectrics.* 

2.2  Combination  properties 

For  simple  mixing  rules,  the  properties  of  the  com¬ 
posite  lie  between  those  of  its  constituent  phases,  but 
combination  properties  involve  two  or  more  coefficients 
which  may  average  in  a  different  wav 

An  example  of  interest  is  the  acoustic  wave  velocity 
which  determines  the  resonant  frequency  of  piezoelectric 
devices.  For  a  long,  thin  rod.  the  velocity  of  waves  pro¬ 
pagating  along  the  length  of  the  rod  is  r  =  (£  py  '■  where 
E  is  Young's  modulus  and  p  is  the  density.  Fiber-rein- 
forced  composites  often  have  very  anisotropic  wave 
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vestigated.  The  recent  upsurge  of  interest  in  actuators24' 
is  changing  this  situation.  Electrostriction  ts  a  second 
order  electromechanical  coupling  between  strain  and  elec¬ 
tronic  field.  For  small  fields  electrostrtciive  strains  are 
small  compared  to  piezoelectric  strain,  but  this  is  not  true 
for  the  high  fields  generated  in  composite  transducers. 

Multilayer  electrostrictive  transducrs2"'  made  from 
relaxor  ferroelectrics  such  as  lead  magnesium  niobate 
(PMN)  are  capable  of  generating  strains  larger  than 
PZT.  Since  there  are  no  macrodomains  in  PMN  there  are 
no  “walk-off”  effects  in  electrostrictive  microposi¬ 
tioners.  Moreover,  poling  is  not  required  and  there  are 
no  aging  effects.  The  concentration  of  electric  fields  in 
composite  transducers  make  non-linear  effects  increas¬ 
ingly  important. 

§5.  Symmetry  of  Composite  Materials 

A  wide  variety  of  symmetries  are  found  in  composite 
materials.  Examples  of  crystallographic  groups.  Curie 
groups,  black-and-white  groups,  and  color  groups  will  be 
given,  and  the  resulting  effect  on  physical  properties 
discussed. 

In  describing  the  symmetry  of  composite  materials,  the 
basic  idea  is  Curie’s  principle  of  symmetry  superposi¬ 
tion:  A  composite  material  will  exhibit  only  those  sym¬ 
metry  elements  that  are  common  to  its  constituent  phaies 
and  their  geometrical  arrangement. 

The  practical  importance  of  Curie's  principle  rests 
upon  the  resulting  influence  on  physical  properties. 
Generalizing  Neumann's  law  from  crystal  physics.”*'  The 
symmetry  elements  of  any  physical  property  of  a  com¬ 
posite  must  include  the  symmetry  elements  of  the  point 
group  of  the  composite. 

5.1  Crystallographic  groups 

Laminated  composites  are  good  illustrations  of  com¬ 
posite  materials  conforming  to  crystallographic  sym¬ 
metry.  In  a  unidirectional  laminate  the  glass  fibers  are 
aligned  parallel  to  one  another,  such  that  a  laminate  has 
orthorhombic  symmetry  (crystallographic  point  group 
mmm).  Mirror  planes  are  oriented  perpendicular  to  the 
laminate  normal,  and  perpendicular  to  an  axis  formed  by 
the  intersection  of  the  other  two  mirrors.  The  physical 
properties  of  a  unidirectional  laminate  must  therefore  in¬ 
clude  the  symmetry  elements  of  point  group  mmm.  If  the 
laminate  is  heated,  it  will  change  shape  because  of  ther¬ 
mal  expansion.  Less  expansion  will  take  place  parallel  to 
the  fiber  axis  because  glass  has  a  lower  thermal  expansion 
and  greater  stiffness  than  that  of  polymer.  The  laminate 
will  therefore  expand  anisotropically  but  it  will  not 
change  symmetry.  The  heated  laminate  continues  to  con¬ 
form  to  point  group  mmm. 

A  cross-ply  laminate  is  made  up  of  two  unidirectional 
laminates  bonded  together  with  the  fiber  axes  at  90°. 
Such  a  laminate  belongs  to  tetragonal  point  group  42m. 
as  indicated  in  Table  1.  Laminated  composites  with  -9 
angle-ply  alignment  exhibit  orthorhombic  symmetry  con¬ 
sistent  with  point  group  222. 

Other  types  of  symmetry  elements  can  also  be  intro¬ 
duced  during  processing.  The  extruded  honeycomb 
ceramic  used  as  catalytic  substrates  are  an  interesting  ex- 


Table  I.  Symmetry  groups  oi  representative  Compositive* 


Unidirectional  laminate 

mmm 

Cross-ply  laminate 

■Cm 

Angle-ply  laminate 

222 

Tetragonal  honeycomb  extrusion 

Unpoled 

*  mmm 

Longitudinally  poled 

■imm 

Transversely  poled 

mm2 

Glass-ceramic 

Polar  glass-oeramic 

*»m 

FerroelectncFemmagnetic  Composite 

Lnpoied,  unmagneoxed 

xuaom 

Poled,  unmagnetized 

Unpoled.  magnetized 

ao  mm 

Parallel  poled  and  magnetized 

aom 

Transverse  poled  and  magnetized 

Tmm 

ample. 2,1  By  suitably  altering  the  die  used  in  extruding  the 
ceramic  slip,  a  large  number  of  different  symmetries  can 
be  incorporated  into  me  composite  body  when  the 
extruded  form  is  filled  with  a  second  phase. 

Lead  zirconate  titanate  (PZT)  honeycomb  ceramics 
have  been  transformed  into  piezoelectric  transducers  by 
electroding  and  poling.  The  symmetry  of  the  honeycomb 
transducers  depends  on  the  symmetry  of  the  extruded 
honeycomb  and  also  on  the  poling  direction.  For  a 
square  honeycomb  pattern,  the  symmetry  of  the  unpoled 
ceramic  is  tetragonal  (4/ mmm)  with  four-fold  axis 
parallel  to  the  extrusion  direction.  When  poled  parallel 
to  the  same  direction,’01  the  symmetry  changes  to  4  mm. 
Transversely  poled  composites  filled  with  epoxy  are 
especially  sensitive  to  hydrostatic  pressure  waves,’"  and 
in  this  case  the  symmetry  belongs  to  orthorhombic  point 
group  mm2. 

5 .2  Curie  groups  and  magnetic  symmetry 

The  piezoelectric  properties  and  symmetry  of  natural 
composites  such  as  wood  and  bone  are  found  to  conform 
to  texture  symmetries.’21  Some  texture  symmetry  groups 
belong  to  the  32  crystallographic  point  groups,  but 
others  do  not.  Composite  bodies  with  texture  may  also 
belong  to  one  of  the  Curie  groups:  ®«m,  »«>,  «.  mm, 
«m,  ®  /  m.  ®2,  and  ®.  Polar  glass-ceramics  with  conicai 
symmetry  illustrate  the  idea.”1  A  glass  is  crystallized 
under  a  strong  temperature  gradient  with  polar  crystals 
growing  like  icicles  into  the  interior  from  the  surface. 
Certain  glass-ceramic  systems  such  as  Ba;TiSi;0.  and 
Li:Si:0«  show  sizable  pyroelectric  and  piezoelectric  ef¬ 
fects  when  prepared  in  this  manner.  Polar  glass-ceramics 
belong  to  the  Curie  point  group  ®m,  the  point  group  of 
a  polar  vector.  As  the  glass  is  crystallized  in  a  temper¬ 
ature  gradient,  it  changes  symmetry  from  spherical 
(aooom)  to  conical  («m),  the  same  as  that  of  a  poled  fer¬ 
roelectric  ceramic. 

To  describe  the  magnetic  fields  and  properties  it  is 
necessary  to  introduce  the  black-and-white  Curie  groups. 
Magnetic  fields  are  represented  by  axial  vectors  with  sym¬ 
metry  ®  mm'.  The  symbol  m'  indicates  that  the  mirror 
planes  parallel  to  the  magnetic  field  are  accompanied  by- 
time  reversal. 

The  magnetoelectric  composite  described  previously  is 
an  excellent  illustration  of  the  importance  of  symmetry  in 
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composite  materials.  In  combining  a  magnetized  ceramic 
(symmetry  group  00/ mm')  with  a  poled  ferroelectric 
ceramic  (symmetry  group  «m).  the  symmetry  of  the  com¬ 
posite  is  obtained  by  retaining  the  symmetry  elements 
common  to  both  groups:  *>m' . 

An  interesting  feature  of  this  symmetry  description  is 
its  effect  on  physical  properties.  According  to 
Neumann’s  law,  the  symmetry  of  a  physical  property  of  a 
material  must  include  the  symmetry  elements  of  the  point 
group.  The  symmetry  of  a  magnetized  ceramic  and  a  pol¬ 
ed  ferroelectric  both  forbid  the  occurrence  of 
magnetoelectricity,  but  their  combined  symmetry  (®m') 
allows  it.  By  incorporating  materials  of  suitable  sym¬ 
metry  in  a  composite,  new  and  interesting  product  pro¬ 
perties  can  be  expected  to  occur. 

§6.  Transport  Properties  of  Composites 

Conductor-filled  composites  are  discussed  in  this  sec¬ 
tion,  emphasizing  the  importance  of  percolation  in  ran¬ 
dom  and  segregated  mixes.  Differential  thermal  expan¬ 
sion  between  matrix  and  filler  sometimes  leads  to 
remarkable  variations  in  resistance  with  temperature. 
Composite  PTC  and  NTC  thermistors  and  chemical  sen¬ 
sors  based  on  these  ideas  have  been  fabricated. 

6. 1  Percolation  and  segregated  mixing 

Most  composite  conductors  are  made  up  of  conduc¬ 
ting  metal  particles  suspended  in  an  insulating  polymer 
matrix.  Particle  contact  and  percolation  require  a  larger 
volume  fraction  when  the  metal  and  polymer  grains  are 
comparable  in  size.  When  the  conducting  particles  are 
small,  they  are  forced  into  interstitial  regions  between  the 
insulating  particles:  this  forces  the  conducting  panicles 
in  contact  with  one  another,  resulting  in  a  low  percola¬ 
tion  limit. 

These  ideas  are  borne  out  by  experiments  on  copper 
panicles  embedded  in  a  matrix  of  polyvinylchloride.34’ 
The  critical  volume  fraction  decreases  markedly  when  the 
Cu  panicles  are  far  smaller  than  the  polymer  panicles. 
When  the  size  ratio  is  33:1,  the  critical  volume  percent  is 
only  4%Cu.  This  highly  segregated  mixing  establishes 
contact  between  conducting  copper  panicles  at  a  very 
low  ratio  of  conductor  to  insulator. 

6.2  Composite  thermistors 

A  second  interesting  efect  is  the  dependence  of  elec¬ 
trical  resistance  on  temperature.  PTC  thermistors  are 
characterized  by  a  positive  temperature  coefficient  of 
electrical  resistance.  Doped  barium  titanate  (BaTiO,)  has 
a  useful  PTC  effect  in  which  the  resistance  undergoes  a 
sudden  increase  of  four  orders  of  magnitude  just  above 
the  ferroelectric  Curie  temperature  (130°C).  The  PTC  ef¬ 
fect  is  caused  by  insulating  Schottky  barriers  created  by 
oxidizing  the  gTain  boundary  regions  between  conducting 
grains  of  rare  earth-doped  BaTiO). 

Similar  PTC  effects  are  observed  when  polymers  are 
loaded  near  the  percolation  limit  with  a  conducting  filler. 
The  Polyswitch  overload  protector”’  is  made  from  high 
density  polyethylene  with  carbon  filler.  At  room 
temperature  the  carbon  particles  are  in  contact  giving 
resistivities  of  only  l  Q-cm,  but  on  heating  the  polymer  ex¬ 


pands  more  rapidly  than  carbon,  pulling  the  carbon 
grains  apart  and  raising  the  resistivity.  Polyethylene  ex¬ 
pands  very  rapidly  near  130°C,  resulting  in  a  pro¬ 
nounced  PTC  effect  comparable  to  that  of  BaTiOt.  A 
rapid  increase  in  resistivity  of  six  orders  of  magnitude 
occurs  over  a  30°  temperature  rise. 

Combined  NTC-PTC  composites  have  also  been 
constructed.341  Vanadium  sesquioxide  (V;0,)  has  a  metal- 
semiconductor  transition  near  160°K  with  a  large  in¬ 
crease  in  conductivity  on  heating.  This  material  can  be  in¬ 
corporated  in  a  composite  by  mixing  V;Oi  powder  in  an 
epoxy  matrix.  The  filler  particles  are  in  contact  at  low 
temperatures  and  exhibit  an  NTC  resistance  change 
similar  to  that  observed  in  V:Oi  crystals  and  single  phase 
ceramics.  On  heating  above  room  temperature,  the 
polymer  matrix  expands  rapidly,  pulling  the  V:Oj  grains 
apart  and  raising  the  resistance  by  many  orders  of 
magnitude.  This  produces  a  PTC  effect  similar  to  the 
Polyswitch  composite.  The  net  result  is  an  NTC-PTC 
thermistor  with  a  conduction  “window”  in  the  range 
—  100°C  to  +  100°C.  This  is  a  good  example  of  the  use 
of  coupled  phase  transformations  in  composites. 
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Abstract 

Tha  hydrostatic  piezoelectric  rasponsa  of  composit* 
matartals  incorporating  (Pb  t  -x8*xXTi  i  _XF*X)03  caramic 
ri liars  from  tha  highly  anisotropic  tatragonal  raglon  of  tha 
solid  solution  systam  in  tha  vicinity  of  tha  morphotropic 
phas*  boundary  wara  maaturad  and  comparad.  Tha 
considarabi*  difficulty  in  poling  and.  htnca.  tha  dlminishad 
piazoalactric  rasponsa  ancountarad  as  tn*  composition  of 
tha  filler  is  shiftad  closar  to  tha  phas*  boundary  was 
datarminad  to  b*  largaiy  du*  to  tha  high  conductivity  of 
tha  BiF*03-rich  compositions.  Tha  caramic  was  modifiad 
with  Mn  in  an  attampt  to  lowar  its  conductivity. 
Compositas  incorporating  tha  Mn-dopad  fillar  poiad  mor* 
afflciantty  and  uitlmataiy  achiavad  hydrostatic  figures  of 
merit  dhgn.  significantly  better  than  those  observed  for 
the  undopad  samples.  Among  tha  samples  investigated, 
the  highest  hydrostatic  figures  of  merit  war*  exhibited  by 
samples  containing  tha  doped  and  undopad  x-0.5  fillers. 
Tha  hydrostatic  rasponsa  remains  stable  over  a  broad 
pressure  rang*. 

1.  Introduction 

0-3  piazocaramic/polymar  materials  consist  of  a 
thraa-dlmansionally  connected  polymer  matrix  within 
which  the  caramic  phas*  is  dispersed  as  discrete 
particles.  Although  lass  responsive  overall  than  its  mor* 
elaborately  configured  relatives,  this  materia!  has  certain 
distinctly  advantageous  features  Perhaps  on*  of  the 
most  attractive  characteristics  of  the  0-3  design  is  its 
versatility  in  assuming  a  variety  of  forms  including  thin 
sheets,  extruded  bars  and  fibers,  and  certain  molded 
shapes. 

This  investigation  is  concerned  with  the  dielectric  and 
hydrostatic  piazoalactric  performance  of  the  material  in 
tha  form  of  thin  sheets  prepared  by  conventional  polymer 
compounding  and  forming  techniques  incorporating 
undopad  and  Mn-dop*d  fillers  from  tha  highly  anisotropic 
phase  boundary  compositions  of  the  PbTi03_BiF*03  solid 
solution  systam.  The  flexible  nature  of  tha  sheet  design 
makes  it  a  viable  candidate  for  a  variety  of  applications. 
Piazoalactric  sheets  are  suitable  materials  for  pressure 
sensitive  devices  which  require  a  material  that  is  able  to 
conform  to  the  contours  of  verlous  surfaces  Such 
devices  as  pressure  sensitive  keyboards,  transducing 
gloves,  snd  blood  pressure  gauges  are  a  few  products 
currently  produced  from  piezoelectric  sheet 
composites.''2 


2.  Hydrophone  Matartals:  An  Overview 


A  number  poled  ceramic  materials,  such  as 
Pb(Zr.Ti)03.  (PZT)7.  and  certain  piezoelectric  polymers, 
such  as  polyvinylldenediftuortde.  (PVDF)6,  exhibit  a 
piezoelectric  response  when  subjected  to  a  hydrostatic 
pressure.  Such  materials  are  well-suited  for  transducer 
applications,  in  particular  for  those  devices  employed  as 
underwater  pressure  sensors,  hydrophones.  Three  of  the 
most  important  properties  required  of  a  good  transducer 
are:  (1)  voltage  sensitivity  or  the  material's  ability  to 
convert  the  applied  pressure  to  an  electrical  signal.  (2) 
low  density  to  enable  adequate  impedance  coupling 
between  the  device  and  the  transmitting  medium 
(typically  water),  and  (3)  compliance  for  enhanced 
durability  and  conformability.  The  conventional  figure  of 
merit  focuses  on  the  sensitivity  of  the  material  and  is 
expressed  m  terms  of  the  hydrostatic  piezoelectric 
voltage  coefficient,  gh.and  the  hydrostatic  piezoelectric 
strain  coefficient  df,.  as 

IhBh  ■  W33  *  2d3i)2  1  *33*o 

The  leading  piezoelectric  caramic  material.  PZT.  exhibits 
only  a  modest  hydrostatic  response  due  to  a  relatively 
large  negative  d3i  coefficient  (-175  pC/N)  with  respect  to 
its  033  coefficient  (400  pC/N).  The  hydrostatic 
performance  of  the  leading  piezoelectric  polymer.  PV0F,  is 
also  limited  by  a  similar  inhibition  of  dn  snd  a  relatively 
low  melting  temperature. 

Plezocaramic/polymar  composites  are  a  class  of 
materials  that  effectively  overcome  these  limitations  and 
hence  are  found  to  be  mor*  responsive  and  versatile 
transducer  devices.3-5  The  composite  constituents 
provide  complementary  properties  which,  when  combined, 
produce  a  superior  hydrostatic  piezoelectric  material.  The 
polymer  phase  lowers  the  density  of  the  material 
providing  better  acoustic  coupling  to  water  than  that 
obtained  for  a  high  density  homogeneous  ceramic.  The 
low  dielectric  constant  of  the  polymer  phas*  effectively 
increases  the  gn  coefficient  and  the  figure  of  merit. 
Finally,  the  piezoelectric  properties  of  the  caramic  are 
easily  adjusted  within  the  composit*  whose  constituent 
phases  may  be  suitably  arranged  to  effectively  distribute 
the  applied  stresses  in  a  manner  that  encourages  tn* 
maximum  piezoelectric  response.6 
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1  The  Pt»TK>3-a*f*03  System 

Ths  (PbT.^xjrHi-xFSx^  solid  solution  system  is  of 
particular  intarast  for  its  promising  piezoelectric 
properties  The  system  possesses  s  morpftotropic  phase 
boundary  (0.7<x<0.8)  between  a  tetragonal  (0.0<x<0.7) 
and  rhombohedral  |0.S<x<V0)  modification  of  the 
perovskite  structure  (Figure  1)  very  much  analogous  to 

that  observed  for  PbTlOg-PbZrOg.®10  The  PbT103-8IFe03 
system  is  distinctive,  however,  for  the  extremely  large 
structural  anisotropy  attained  for  compositions  in  the 
tetragonal  region. 10  This  considerable  distortion  gives  rise 
to  a  potential  for  highly  anisotropic  piezoelectrics  from 
the  composition  range  near  or  on  the  morphotropic  phase 
boundary.  Unfortunately,  as  is  the  case  for  PbTi03.  it  is 
this  very  feature  which  on  the  one  hand,  makes  possible 
an  outstanding  piezoelectric  response,  also  deters  the 
production  of  strong,  dense  ceramics.  Samples  prepared 
in  the  tetragonal  range  generally  fractura  upon  cooling 
tnrough  the  transition  temperature.  Tc,  with  the  degree  of 
specimen  disruption  increasing  as  ths  composition 
approaches  the  phase  boundary. 


periOt-SiFeO, 


PftTIO,  02  0.4  0.a  OS  IO  BIF«Oi 

FIGURE  1  PbTlC>3  -  BlFe03  structural  phase  diagram.’0 

The  tetragonal  lattice  parameters  cj  and  ay  are  found 
to  vary  quite  considerably  as  the  composition  approaches 
the  phase  boundary.'0  The  magnitude  of  c?  increases 
dramatically  from  4  40  A  for  x-0.5  to  4  53  A  at  x-0.7  while 
ay  decreases  in  a  more  gradual  manner  from  3.8S  A  for 
x-0.5  to  3.81  A  at  the  phase  boundary.  The  cj/aj  ratio  is 
exceptionally  high  for  all  the  compositions  recorded, 
attaining  a  maximum  value  of  1.19  at  the  morphotropic 
phase  boundary.  This  represents  a  strain  of  nearly  20% 
present  in  materials  prepared  from  this  portion  of  the 
solid  solution  system  which  are  rarely  strong  and 
generally  fracture  entirely  upon  cooling  through  the 
transition  temperature. 

All  modifications  of  the  solid  solution  are 
ferroelectric.  No  reports  appear  in  the  literature,  however, 
regarding  the  observation  of  a  hysteresis  loop  for  any 
composition  presumably  because  of  a  high  coercive  field 
and  the  low  resistivity  of  the  material  as  is  the  case  for 
PbTi03.  The  variation  of  ferroelectric  Curie  point  with 
composition  as  depicted  in  Figure  1  is  seen  to  increase  in 
a  nearly  linear  fashion  from  490°C  for  PbTi03  to  850°C 
for  BiFe03. 


The  Curie  point  dielectric  constant  is  depicted  in 
Figure  2a  as  a  function  of  composition  measured  at  2S°C 
and  a  frequency  of  530  MHz.  Its  value  is  observed  to 
decrease  with  increasing  BiFe03  content.  1  The 
dissipation  factor  is  plotted  as  a  function  of  temperature 
for  selected  compositions  in  Figure  2b  The  losses 
generally  increase  with  increasing  8iFe03  content  and  are 
likely  due  to  a  substantial  n-type  conductivity  associated 
with  the  ferrite.11  A  complex  variation  of  conductivity 
with  composition  has  been  reported  and  has  been 
attributed  to  the  relative  contributions  of  several  possible 
conductivity  mechanisms  operating  across  the 
composition  range.10  The  greatest  contributors  to  the 
conductivity  for  compositions  with  a  high  BiFe03  content 
are  likely  to  be  the  Fe2*  ions  present  with  the  Fe4*  ions 
on  the  B-sites  of  the  perovskite  lattice  which  are  oxidized 
vie  the  reaction 

Fe2*— *  Fe3*  ♦  e-  (i) 

thereby  liberating  electrons  to  the  system.12-14  Where 
RbTlOs  and  BlFe03  are  both  semiconductors,  it  can  be 
assumed  that  the  high  losses  at  elevated  temperatures 
are  primarily  conductive.11 


roaecMnixc  1*0  m% 
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FIGURE  2  (a)  Curie  point  dielectric  constant  as  a  function 
of  composition  (2S°C.  530  MHz),  (b)  dissipation  factor  as  a 
function  of  temperature.  1 


4.  Objectives  of  the  Investigation 

The  objective  of  this  investigation  is  to  produce  thin, 
responsive  piezoelectric  sheets  for  hydrophone 
applications.  The  (Pb.BI)(Tl,Fe>03  /  polymer  0-3 
composites  satisfy  all  the  desired  requirements  of  a  good 
hydrophone  material.  The  high  anisotrooy  of 
(Pb  1  -x®ix)(T1 1  -x^*x)03  compositions  in  the  range 
x-0.5-0.7  permits  considerable  hydrostatic  sensitivity.  0-3 
composites  incorporating  this  filler  are.  therefore, 
potentially  more  responsive  than  0-3  designs  currently 
produced  containing  PbT'103  or  PZT  In  addition,  very  thin 
sheets  of  the  material  may  be  produced  due  to  the  fine 
particle  sizes  obtained  by  quenching  the  filler  powders. 
The  high  strain  present  in  ceramics  prepared  in  the 
x-0.5-0.7  composition  range  allows  for  the  production  of 
fine  particles  on  quenching  with  minimal  damage  to 
individual  crystallites.  Sheets  made  with  single 
crystallites  created  in  this  way  are  found  to  be  more 
easily  poled  and  to  have  an  enhanced  piezoelectric 
response  over  composites  made  with  fine  panicles 
produced  by  grinding. 


Little  has  baan  reported  in  tha  literature  ragarding  tha 
piezoelectric  propartias  of  matarials  producad  from  tha 
PbTi03-SIFaO3  system.  Most  studias  on  tha  systam  hava 
baan  conductad  mainly  to  battar  datarmina  tha  natura  of 
8IFa03  which  ia  difficult  to  characterize  alone.  Further, 
any  investigation  of  tha  piezoelectric  character  is 
restricted  by  tha  brittle  natura  and  high  conductivity  of 
tha  material,  especially  in  tha  prime  area  of  interest  near 
tne  morphotropic  phase  boundary.  The  aim  of  thia 
investigation  is  to  examine  the  hydrostatic  piezoelectric 
nature  of  the  binary  systam  as  the  filler  component  of  a 
0-3  composite.  The  one  problem  of  brittle  fracture  is 
resolved  and.  in  fact  exploited  in  this  way.  Tha 
difficulties  related  to  the  high  conductivity  are  alleviated 
by  modifying  the  filler  compositions  with  small 
concentrations  of  a  Mn-dopant.  Tha  Mn  dopant  is  added 
in  an  attempt  to  counter  the  electron  liberating  oxidation. 
(1).  by  oxidizing  the  ferrous  ions  via  tha  reaction: 

Mn3*  ♦  Fe2*— ►  Fe3*  ♦  Mn2*  (2) 


thereby  lowering  the  conductivity  of  the  ceramic. 

The  hydrostatic  piezoelectric  performance  of  composite 
samples  incorporating  both  the  undoped  and  Mn-doped 
filler  are  examined  and  compared. 

5.  Preparation  of  the  Ceramic 

The  (Pbi_xBlxKTIi_x(Fei_yMnY)x)03  powders  ware 
prepared  by  a  conventional  double-firing  process.  Green 
mixtures  were  batched  with  compositions  in  the  range 
x-0.5  -  0.7  with  y  ■  0.0  -  0.025  from  the  oxides  PbO. 
T1O2.  BI2O3.  F*2°3.  and  MnC2-  The  green  powders  were 
contained  in  covered  alumina  crucibles  and  subjected  to  a 
primary  low-temperature  firing  in  air  at  800"C  for  1.5 
hours.  The  calcined  powders  were  loosely  compacted, 
placed  in  covered  alumina  crucibles  and  subjected  to  a 
second  firing  at  1000°C  for  1.5  hours.  The  pellets  were 
quenched  to  room  temperature  directly  following  the  soak 
period.  The  quenched  samples  generally  fractured 
completely  upon  quenching  and  required  only  the  lightest 
grinding  with  mortar  and  pestle  to  break  up  agglomerates. 

The  variation  of  tetragonal  latttca  parameters  with 
composition  was  determined  by  means  of  an  x-ray 
powder  diffraction  study  and  found  to  be  in  excellent 
agreement  with  that  reported  in  the  literature.  No 

changes  in  lattice  parameters  were  observed,  however,  for 
powders  with  composition  x-0.5  containing  any 
concentration  of  the  dopant  within  the  range  y  •  0.0  - 
025. 

The  intergranular  nature  of  the  fracture  and  particle 
morphology  are  clearly  represented  in  scanning  electron 
micrographs  of  powders  representing  any  of  the 
tetragonal  compositions  investigated.  Disruption  of  tha 
microstructura  is  observed  to  occur  entirely  at  tha  grain 
boundaries.  No  fractured  particles  are  observed. 
Particles  producad  for  all  tetragonal  compositions  are 
generally  discrete,  approximately  spherical  crystallites. 

The  particle  size  distribution  curves  for  samples 
prepared  from  each  composition  ware  determined  by 
means  of  a  Sedigraph  50000  Particle  Size  Analyzer 
Among  the  samples  prepared  in  the  range  x  •  0.5  -  0.7 
without  the  Mn  dopant  those  with  compositions  closer  to 
the  the  phase  boundary  producad  the  narrowest 


distributions  with  the  smallest  mean  particle  size 
reflecting  a  more  thorough  disruption  of  the 
microstructura  as  tha  strain  in  the  systam  increases.  The 
mean  particle  size  range  is  4-13  pm  for  compositions 
x-0.5-0.7,  y  •  0.0  -  0.025  where  the  finest  particles  are 
producad  for  powdars  with  compositions  x  •  0.5.  y  ■  0  01; 
x  ■  0.5.  y  •  0.015;  x  *  0.5.  y  •  O.Q2.(alt  4-5  pm)  and  x  ■ 

0.7,  y  •  0.0,  (5  pm). 

8.  Preparation  of  the  Composite 

Composite  samples  were  prepared  containing  50-60 
volume  percent  {Pb.BiMTt.Fe)03  filler  and  35-45  volume 
percent  polymer  from  the  epoxy  based  Eccogel  ser  «s 
(Eccogei-Series  1365  #25  Emerson  and  Cuming.  De. 
and  Almy.  Chemical  Oivision.  Canton.  Ma.).  The  filler  was 
initially  blended  with  the  liquid  components  of  the 
Eccogel  system  and  compounded  by  a  high-shear  hand¬ 
mixing  technique. 

The  mixture  was  then  formed  and  cured.  The  first 
series  of  samples  (Series  I)  were  formed  into  sneets  by 
hot-rolling  at  a  temperature  in  the  range  40-60°C.  The 
formed  sheets  were  initially  cured  under  a  low  pressure 
applied  by  means  of  an  hydraulic  press  at  90°C  for  2.0 
hours  and  then  post-cured  for  an  additional  3.0  -  4.0 
hours  at  70°C.  The  second  series  of  samples  (Series'  il) 
were  formed  in  an  one  inch  diameter  die  under  a 
pressure  of  6000  psi.  The  pressed  discs  were  then  cured 
in  the  dies  without  applied  pressure  at  80°C  for  12  hours. 

The  cured  composite  samples  were  polished  with  a 
fine  silicon  carbide  emery  peper  to  a  uniform  thickness  of 
approximately  0.2-0.5  mm  and  dried  in  a  70°C  furnace  for 
2.0  -  3.0  hours.  The  polished  samples  were  electroded 
with  an  air-dry  silver  paint  for  poling  and  for  dielectric 
and  piezoelectric  testing. 

7.  Samples  Selected  for  Dielectric  and  Piezoelectric 
Measurement 

Two  series  of  samples  were  prepared  for  dielectric 
and  piezoelectric  testing.  The  senes  were  selected  to 
investigate  both  the  affects  of  filler  composition  and  Mn- 
doping  of  the  filler  on  tne  degree  of  poling  achieved  and 
on  the  ultimate  hydrostatic  piezoelectric  response. 

The  first  series  was  examinad  in  order  to  monitor  the 
change  in  piezoelectric  response  with  increasing  BiFeOg 
content  for  tetragonal  compositions  in  the  vicinity  of  the 
morphotropic  phase  boundary.  The  samples  constituting 
the  second  series  were  prepared  incorporating  both 
undoped  and  Mn-doped  (Pbi_x8ix)(Tii..xFex)03  fillers 
from  the  composition  x-0.5.  The  purpose  of  this  second 
series  was  to  investigate  the  affects  of  Mn-doping  on  the 
poling  and  ultimate  piezoelectric  performance  of 
composites  incorporating  this  filler  as  well  as  to 
datarmina  the  concentration  of  Mn  for  which  the  optimum 
hydrostatic  piezoaiectric  performance  of  the  composite  is 
attained,  investigation  of  tha  dielectric  and  piezoelectric 
properties  included:  (a)  determination  of  the  optimum 
poling  conditions  for  each  sample,  (b)  determination  of 
the  degree  of  poling  achieved  as  evidenced  by  the 
magnitude  of  the  longitudinal  strain  coefficient.  033.  (c) 
measurement  of  low  frequency  (KHz)  dialectic  constant 
and  dissipation  factor,  botn  before  and  after  poling  and. 
finally,  (d)  measurement  of  the  hydrostatic  piezoelectric 
coefficients,  d^  and  g^. 
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8.  Podng  trie  Composites 

The  optimum  poling  temperature.  field  snd  tims  ars 
dstsrminsd  primarily  by  ths  rsiativs  disisetne  constants 
and  conductivities  at  the  composite  components,  the 
polymer  melting  temperature,  and  the  composite  integrity. 
The  relative  dielectric  constants  and  conductivities  of  the 
two  composite  components  in  particular  affect,  to  a 
considerable  extent,  tne  degree  of  poling  achieved.  The 
electric  field  acting  on  the  piezoelectric  element  within  an 
insulating  0-3  composite  will  be  similar  to  the  applied 
field  only  rf  the  dielectric  constants  of  the  components 
are  nearly  equivalent  This  is  generally  not  the  case, 
however,  for  ceramic/polymer  systems  where  the 
difference  in  dielectric  constant  may  be  one  or  two  orders 
of  magnitude,  in  addition,  where  the  conductivity  of  the 
ceramic  is  particularly  high,  only  a  very  small  fraction  of 
the  poling  field  will  act  on  the  piezoelectric  filler. 

The  considerable  differences  in  dielectric  constant 
and  conductivity  between  the  two  components  of  the 
composite  system  establishes  the  need  for.  a  poling  field 
of  at  least  75  KV/cm  to  produce  any  significant  poling  of 
the  material.  The  relatively  low  melting  temperature  of 
the  Eccogei  matrix  sets  the  upper  limit  for  the  poling 
temperature.  The  optimum  poling  temperature  of  7$°C 
was  eatabliahed  on  the  baaia  of  a  general  survey  made 
for  representative  samples  selected  from  the  two  series 
and  was  applied  for  the  poling  of  all  samples  investigated. 

Optimum  poling  fielda  and  times  were  similarly 
determined  by  systematically  varying  the  parameters  and 
monitoring  the  degree  of  poling  achieved  and  the 
incidence  of  breakdown.  The  results  of  this  study  are 
presented  in  Table  1.  The  practical  poling  field 
eatabliahed  represents  thet  field  strength  at  which  the 
highest  degree  of  poling  is  achieved  with  minimum 
breakdown.  The  poling  time  corresponds  to  that  period 
required  to  achieve  maximum  poling  under  the  influence 
of  the  practical  held.  The  magnitudes  of  the  longitudinal 
strain  coefficient  033,  exhibited  by  samples  poled  under 
these  conditions  are  listed  for  each  specimen  as  an 
indicator  of  the  degree  of  poling  attained.  d33 
m«a»uramants  were  made  on  a  Barlincourt  d33  meter 
(Model  CPOT  3300 — Channel  Products.  Inc..  Ohio). 


TABLE  1  Poling  fields,  poling  periods,  and  d33 
coefficients  for  Series  I  and  Series  II  samples. 
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Series  I  samples  were  found  to  be  increasingly 
resistant  to  poling  as  the  filter  composition  approached 
the  morphotropic  phase  boundary.  The  maximum  degree 
of  poling  achieved  as  indicated  by  the  longitudinal  strain 
coefficient.  033,  was  consequently  observed  to  decrease 
significantly  as  the  composition  became  increasingly  rich 
in  BiFe03. 

Mn-doping  of  the  x  *  0  5  filler  was  found  to 
significantly  affect  the  poling  of  composite  materials 
containing  the  modified  ceramic.  The  degree  of  poling 
achieved  for  all  the  Series  II  composite  samples 

containing  x  •  0.5  fillers  with  any  concentration  of  the  Mn 
dopant  within  the  range  investigated  attained  higher 

degrees  of  poling  than  the  composite  containing  the 
undoped  x  •  0.5  filler  poled  under  similar  poling 

conditions.  Composite  samples  containing  Mn-doped 
x  ■  0.5  fillers  with  Mn  concentrations  in  the  range 

y  •  0.005  -  0.02  were  found  to  achieve  the  highest 
degrees  of  poling. 

B.  Dielectric  Oeta 

Dielectric  constant  and  dissipation  factor  were 
recorded  for  each  sample  both  before  and  after  poling. 
The  dielectric  conatant  waa  calculated  in  terms  of  the 
sample  dimensions  and  capacitance.  Capacitance  and 
dissipation  factor  measurements  were  made  at  1  KHz  on  a 
Hewlett-Packard  4270A  automatic  capacitance  bridge. 
The  data  appear  in  Table  2. 

The  dielectric  constants  for  aach  sample  both  before 
and  after  poling  were  found  to  be  similar  in  magnitude. 
The  dielectric  conatant  waa  observed  to  decrease 
somewhat  for  those  samples  that  attained  a  sufficiently 
high  degree  of  poling.  This  reflects  the  reorientation  of 
the  K33  within  the  piezoelectric  filler  where  the  alignment 
in  the  poling  direction  will  be  manifested  by  a  decrease  in 
the  dielectric  constant  of  the  Composite- 

Dissipation  factors  for  all  Series  I  samples  were 
typically  about  10%  with  a  slight  decrease  after  poling. 
A  variation  of  the  dissipation  factor  for  poled  Series  II 
samples  was  observed  with  the  lowest  losses  exhibited 
by  samples  50IIC.  50110.  and  50IIE  (y  -  0.005-0.020)  This 
suggests  that  the  Mn-dopant  does  affect  the  conductivity 
of  the  filler  within  this  dopant  concentration  range. 

10.  Hydrostatic  Piezoelectric  Data 

Hydrostatic  piezoelectric  measurement  waa  made  by 
a  dynamic  technique  8  by  which  means  the  voltage 
coefficient,  g^,  was  evaluated  and  the  strain  coefficient, 
dft,  subsequently  derived.  Hydrostatic  data  are  recorded  m 
Table  2.  Hydrostatic  measurements  were  taken  as  a 
function  of  pressure  on  a  sample  representative  of  the 
undoped  x  ■  0.5  filler.  The  results  of  that  investigation 
are  shown  in  Figure  3. 

The  increased  inhibition  to  poling  of  the  Series  1 
samples  as  the  filler  composition  approaches  the 
morphotropic  phase  boundary  is  reflectad  in  the  steady 
decrease  of  the  hydrostatic  response  from  a  figure  of 
merit  of  about  1600  (fmVN)  for  the  sample  501  to  barely 
100  (fmvN)  for  sample  701.  The  enhanced  poling 
observed  for  composite  samples  incorporating  the  Mn- 
doped  x  *0.5  fillers  is  also  reflected  in  the  high  figures  of 
merit  attained  for  stmplat  containing  the  modified  fillers 
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TABLE  2  Dielectric  and  piezoelectric  data  tor  Sanaa  I  and 
Sanaa  11  compoaita  tampiaa. 


The  highest  figures  of  martt  within  tnia  sari  a*  were 
exhibited  by  tha  SOIIC  and  50110  composites.  (2430  fm2/N). 
indicating  that  tha  optimum  dopant  concantration  ia 
within  tn«  range  y  *  0.010  -  0.015.  in  addition,  tha 
hydroatatic  raaponaa  ia  obaarvad  to  bo  highly  stable  ovar 
a  broad  proaaura  ranga.  Tha  hydroatatic  performance 
axhibitad  by  tha  Sanaa  II  sampiaa.  in  particular  tha 
exceptionally  high  voltage  sensitivity  and  pressure 
stability,  establishes,  therefore,  this  material's  ment  as  an 
affective  and  reliable  hydroatatic  pressure  sensor. 
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FIGURE  3  Hydrostatic  piezoelectric  coefficients  as  a 
function  of  preasura  (Measurements  made  at  the  facilities 
of  tha  Underwater  Sound  and  Reference  Oivision  of  the 
Navy,  Onando.  FL). 
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abstract 

Lead  titanate  powders  prepared  by  three  different  methods 
(mixed-oxide,  sol-gel  and  co-precipitanon)  were  synthesized 
as  fillers  for  0-3  composite  transducers.  As  starting  materials. 
PtKCjHjO^JHjO  and  Ti(OC3H,)4  were  used  in  the  sol-gel 
method,  PIKNO^  an  TiCI4  for  the  co- precipitation  technique. 
The  PbTiO]  powder  prepared  by  the  co-precipitanon  method 
yielded  more  uniformly  shaped  powder  than  the  powder 
prepared  by  the  sol-gel  or  mixed-oxide  method. 

0-3  composites  were  prepared  with  these  powders  using 
Eccogel  polymer.  X-ray  diffraction  patterns  of  the 
PbTiOy polymer  composites  prepared  by  the  co-precipitanon 
method  before  and  after  poling  indicated  that  the  composites 
were  fully  poled.  The  hydrostatic  piezoelectric  voltage  and 
charge  coefficient,  gh  and  df,  were  about  97  (10‘3V-m/N)  and 
43  (pON),  respectively.  The  hydrophone  figure  of  merit  dj,g|j 

was  over  4000  (l0"lSm*/N).  These  composites  showed  no 
significant  aging  effect 

1.  INTRODUCTION 

A  variety  of  electromechanical  transducers  such  as 
hydrophones,  air  sensors,  vibration  sensors,  pressure  and 
stress  sensors  depend  on  the  piezoelectric  phenomenon 
exhibited  by  certain  piezoelectric  crystals,  polarized  poly  men 
and  composites. 

An  important  class  of  sensors  have  as  their  active  sensing 
element  solid  shapes  of  piezoelectric  ceramic  materials.  In  the 
hydrophone  application  area,  the  piezoelectrically  active 
ceramic  component  converts  underwater  sound  pressure 
waves  to  electrical  signals,  which  are  then  amplified  and 
displayed. 

The  sensitivity  of  a  sound  receiver  material  is  characterized 
by  a  hydrophone  Figure-Of-Merit  (FOM),  which  is  commonly 
derived  as  the  product  of  the  hydrostatic  piezoelectric  charge 
(d,,)  and  voltage  fghl  coefficients. 

During  the  past  few  years,  a  number  of  investigators  have 


examined  piezoelectric  ceramic  polymer  composites  with 
different  connectivity  patterns.  The  piezoelectric  properties  of 
the  composites  depend,  to  a  large  extent,  on  the  connectivity 
pattern  of  the  constituent  phases.  A  more  extensive  description 
of  the  work  on  ceramic -polymer  composites  can  be  found  in 
recent  review  papers l). 

One  of  the  simplest  types  of  piezoelectric  composites 
consists  of  a  polymer  matrix  loaded  with  ceramic  powder.  In 
such  a  composite  the  ceramic  particles  are  not  in  contact  with 
each  other  while  the  polymer  phase  is  self-connected  in  three 
dimensions  (0*3  connectivity).  Early  attempts  to  fabricate 
flexible  composites  with  piezoelectric  ceramic  parades  were 
made  by  Kitayamc:),  Pauer33  and  Harrison43. 

An  improved  version  of  the  0-3  composite  was  fabricated 
by  Banno33.  Rather  than  using  PZT  as  the  ceramic  filler,  pure 
or  modified  PbTiOj  was  employed,  because  of  its  greater 

piezoelectric  anisotropy.  The  PbTiOj  filler  was  prepared  by 

water  quenching  the  ceramic,  thereby  exploiting  the  high 
strain  present  in  the  material  in  order  to  produce  fine  powders. 
The  average  panicle  size  was  about  5  urn.  The  hydrostatic 
voltage  coefficient.  gh,  of  these  pure  PbTiO}  composites  was 
found  to  be  comparable  to  that  of  PVF2  polymer 
( lOOxlO^Vm/N)  and  the  dh  value  was  35  pC/N. 

Recently  the  sol-gel  process  has  been  used  to  prepare 
PbTiO}  powder  for  use  in  0-3  composites6,73.  The  merits  of 
sol-gel  processing  such  as  high  purity,  molecular 
homogeneity  and  lower  processing  temperatures  offered 
advantages  over  the  conventional  mixed-oxide  processing 
method®3. 

In  this  study,  PbTiO}  powders  were  prepared  by  the 
mixed-oxide,  sol-gel  and  co-precipitation  methods.  0-3 
composites  were  prepared  using  these  powders.  Dielectric  and 
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piezoelectric  properties  of  these  composites  are  reported  in  this 
paper 

1  POWDER  PREPARATION 

Preparation  of  PbTiOj  Powders 

PbTiC^  powders  were  prepared  by  the  mixed-oxide,  sol-gel 
and  co-precipitation  method. 

a)  Mixed-Oxide  Method 

CommereiaUy  available  Alfa  Products  PbTiO^  was  used  as 
the  mixed-oxide  PbTiO}  powder. 

b)  Sot-Cel  Method 

A  sol-gel  method  similar  to  the  procedure  described  in 
reference  7  was  used  to  prepare  PbTiOj  powder  from 
lead-acetate  CPbfC^Oj^  31^0]  and  titanium  isopropoxide 
[TUOCjH^J.  Figure  1  shows  a  flow  chart  of  the  procedure 
used  to  prepare  the  sol-gel  PbTiO-j  powder.  The  lead  acetate 
was  dissolved  in  methoxyethanol  (C-jHgOj)  in  a  three  neck 
reaction  flask  by  heating  to  approximately  70  °C.  To  remove 
the  absorbed  water  a  reflux  condenser  was  connected  to  the 
reaction  flask.  The  solution  was  then  heated  and  began  to  boil 
at  1 18  °C.  As  the  water  was  removed,  the  temperature  of  the 
solution  gradually  increased  to  125  °C  (boiling  point  of 
methoxyethanol).  After  cooling  the  solution  to  75  °C,  the 
titanium-isopropoxide  was  added  and  again  heated  to  125  °C. 


Fig.  1.  The  procedure  used  to  prepare  PbTiOj  powder  by  the 
sol-gel  method. 


The  solution  was  cooled  to  -25  °C  with  a  liquid  nitrogen 
isopropanol  bath.  The  water  for  hydrolysis  (4  moles  H^O  per 
mole  alkoxide)  was  first  mixed  with  an  equal  amount  of 
methoxyethanol  and  then  added  to  the  cooled  solution.  By 
slowly  heating  the  flask  up  to  room  temperature  the  solution 
gelled.  The  gel  was  then  heated  in  a  100  °C  oven  for  1-2  days 
until  dry.  The  dried  gel  was  then  ground  in  a  mortar  and 
calcined  at  800-900  °C  for  1  hour. 


Fig.2.  The  procedure  used  to  prepare  PbTiOj  powder  by  the 
co-precipitation  method 

c)  Co- Precipitation  Method 

Figure  2  shows  a  flow  chart  of  the  procedure  used  to 
prepare  co-precipitated  PbTiO-j  powder.  The  PbTiOj  was 

formed  by  precipitation  from  an  aqueous  solution  in  which  the 
reactants  were  present  in  1  molar  stoichiometric  quantities. 
Components  were  combined  in  the  order :  1)  TiCl4  solution 
added  to  PbfNC^^  solution,  2)  HjOj  solution  added  to  this 
solution.  The  pH  of  the  resulting  solution  was  adjusted  to 
approximately  8.95  to  9.25  by  additions  of  deionized  water 
and  NH4OH.  Then  the  yellow  precipitated  aqueous  solution 
was  washed  with  deionized  water  and  dried  at  100  °C.  The 
dried  materials  was  ground  using  a  mortar  and  pestle  and 
calcined  at  800-900  °C  to  yield  highly  crystalline  particles. 

The  SEM  micrographs  of  the  powders  are  shown  in 
Photos  1-3.  The  particle  shape  of  the  powder  obtained  by  the 
sol-gel  method  and  the  mixed-oxide  method  were  more 
angular  than  the  powder  prepared  by  the  co- precipitation 
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3.  0-3  COMPOSITE  FABRICATION 


Photo.  1.  SEM  micrograph  of  the  PbTiOj  powder  prepared 
by  the  mixed-oxide  method. 


Photo.  2.  SEM  micrograph  of  the  PbTiOj  powder  prepared 
by  the  sol-gel  method. 


Photo.3.  SEM  micrograph  of  the  PbTiO-j  powder  prepared 
by  the  co- precipitation  method. 

method.  The  powder  prepared  by  the  co-precipitation  method 
had  a  narrower  distribution  in  particle  sire,  than  the  powders 
prepared  by  the  mixed-oxide  and  sol-gel  method. 


The  PbTiOj  powder  was  dispersed  in  Eccogel  polymer 
1365-0  (Emerson  and  Cuming,  W  R.  Grace  and  Co.,  MA.i 
to  make  a  0-3  type  composite,  as  shown  in  Figure  3  The 
volume  percent  of  PbTiOj  powder  in  the  composites  was 
about  70  for  the  mixed-oxide  and  sol-gel  powders,  and  67  for 
the  co-precipitation  powder.  The  filler  material  was  mixed 
with  the  Eccogel  polymer  and  placed  between  two  sheets  of 
teflon  in  a  1.25  inch  diameter  die.  The  mixture  was  then 
pressed  with  a  pressure  of  10,000  psi  and  cured  at  80  °C  for 
about  8  hours.  Electrodes  of  an  air-dned  silver  paste  were 
applied  on  both  surfaces  of  the  composites.  The  composites 
were  poled  at  75  °C  with  a  field  of  80-115  KV/cm  for  30 
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Fig. 3.  The  procedure  used  to  fabricate  the  PbTiOj -polymer 
0-3  composites. 

4.  EVALUTION  OF  DIELECTRIC  AND 
PIEZOELECTRIC  PROPERTIES 

The  capacitance  and  dissipation  factor  were  measured  at  1 
KHz  using  a  Hewlett-Packard  4270A  Multi-Frequency  LCR 
Meter.  The  djj  coefficients  were  measured  dynamically  using 
a  Berlincourt  Piezo  djj-Meter  with  the  electromagnetic  driver 
operating  at  a  frequency  of  100  Hz. 

The  dh  coefficients  were  determined  by  the  dynamic  A.C 


5.  RESULTS  AND  DISCUSSION 


technique  at  a  pressure  of  100- 1000  psi  and  a  frequency  of  75 
Hz.  An  electromagnetic  driver  was  used  as  an  A.C.  stress 
generator  to  apply  pressure  waves  to  the  sample  and  a  PZT 
standard,  which  was  also  under  a  static  pressure  from  the 
hydraulic  press.  The  charges  produced  from  the  sample  and 
from  the  standard  were  buffered  with  an  impedance  converter 
and  the  voltages  produced  were  measured  on  a 
Hewlett-Packard  3538A  Spectrum  Analyzer.  The  ratio  of  the 
voltages  produced  is  proportional  to  the  dh  coefficients.  By 
accounting  for  the  sample  geometries,  the  dh  coefficients  of 
the  samples  were  calculated.  The  dj,  and  gh  coefficients  and 
dhgh  figure  of  merit  were  then  calculated  from  the  measured 
coefficients. 


Fig. 4.  The  001,  100  x-ray  diffraction  peaks,  before  and  after 
poling  ,  for  a  co-precipitation  method  0-3  composite. 


Fig.5.  The  002,  200  x-ray  diffraction  peaks,  before  and  after 
poling,  for  a  co-precipitaaon  method  0-3  composite. 


The  001-100  and  002-200  x-ray  diffraction  peaks  from  the 
surface  of  the  composites,  before  and  after  poling,  were 
observed  to  determine  the  degree  of  poling.  The  reversal  of 
the  peak  intensities  indicated  that  the  co-precipitation  method 
composites  were  more  completely  poled  than  the  mixed-oxide 
or  sol-gel  method  composites.  Figure  4  and  3  show  the 
reversal  of  peak  intensities  for  a  co-precipitation  method 
composite  before  and  after  poling. 
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The  dielectric  and  piezoelectric  properties  of  the  three  types 
of  0-3  composites  are  summarized  in  Table  1.  Also  shown  in 
this  table  are  the  maximum  poling  fields  that  could  be  applied 
without  electric  breakdown.  The  sol-gel  and  co-precipitation 
method  composites  were  poled  with  lower  electric  fields  than 
the  mixed-oxide  method  composites,  but  the  degree  of  poling 
(as  observed  by  the  reversal  of  the  x-ray  diffraction  peaks) 
and  the  piezoelectric  coefficients  were  higher.  This  was 
possibly  due  to  the  greater  purity  and  homogeneity  of  the 
sol-gel  and  co-precipitation  powders. 

The  lower  maximum  poling  field  of  the  sol-gel  method 
composites  may  not  have  allowed  these  composites  to  be  fully 
poled,  resulting  in  lower  piezoelectric  coefficients  than  the 
more  fully  poled  co-precipitation  method  composites.  This 
was  possibly  due  to  the  non-uniform  panicle  size  distribution 
in  the  sol-gel  powder  (  some  large  particles  were  present,  as 
shown  in  SEM  Photo.  2  ).  The  co-precipitation  powder  was 
also  more  regularly  shaped  than  the  sol-gel  or  mixed-oxide 
powders 

The  gh  and  dh  of  the  0-3  composites  prepared  by  the 
co-precipitation  method  showed  no  pressure  dependence  up 
to  1000  psi,  as  shown  in  Figure  6.  These  composites  also 
showed  no  significant  aging,  as  shown  in  Figure  7  by  no 
change  in  the  x-ray  diffraction  peak  intensities  with  tune. 
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Fig. 6.  The  hydrostatic  piezoelectric  df,  and  coefficients 
plotted  versus  pressure  at  75  Fz  for  a  co-precipitation 
method  0-3  composite. 


2* 

Fig.7.  The  effect  of  aging  on  die  001,  100  x-ray  diffraction 
peaks  for  a  co-precipitation  method  0-3  composite. 


6.  SUMMARY 


sol-gel  and  co-precipitation  powders  were  purer  and  more 
homogeneous  than  the  mixed-oxide  powder. 

X-ray  diffraction  of  the  composites  before  and  after  poling 
showed  that  the  co- precipitation  method  composites  were 
poled  more  completely  than  the  sol-gel  or  mixed-oxide  method 
composites,  and  therefore  resulted  in  the  highest  piezoelectric 
coefficients,  with  a  dhgh  figure  of  merit  of  over  4000 
(xl0‘15m2/N).  These  composites  showed  no  significant 
pressure  or  aging  effects. 
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PbTiOj  powders  were  prepared  using  sol-gel  and 
co-precipitation  methods.  These  powders  along  with  a 
commercial  mixed-oxide  method  PbTiOj  powder  were  used 
as  filler  materials  in  0-3  composites.  The  PbTiOj  powder 
prepared  by  the  co-precipitation  method  had  more  uniformly 
shaped  particles  than  the  sol-gel  or  mixed-oxide  powders.  The 
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ABSTRACT 


0-3  composites  have  been  prepared  from  a  water- 
based  suspension  of  electroceramics  and  polymer. 
A  typical  paint  base  consisting  of  a  methacrylic 
copolymer  emulsion  along  with  surfactants  and 
rheological  agents  was  used  in  all  formulations.  The 
paint  was  filled  with  various  concentrations  of 
piezoceramics  such  as  PZT  and  co-precipitated 
PbTi03.  The  filled  emulsion  was  spread  on  an 
appropriate  surface,  dried  and  the  resultant  film 
electroded  and  poled.  Piezoelectric  3-coefficients, 
as  well  as  dielectric  constant  and  resistivity  were 
determined  for  all  composites. 


INTRODUCTION 

Composites  of  piezoelectric  ceramics  and  polymers 
have  been  the  focus  of  much  study  in  the  past  five  to 
ten  years.(1-3)  What  makes  these  composites  so 
attractive  is  their  high  3h(hydrostatic  voltage 
coefficient)  and  d^gn  (figure  of  merit)  values, 
compared  to  the  corresponding  properties  of  single 
phase  materials.  Consequently,  the  composites 
have  the  potential  for  use  in  a  number  of  applications 
such  as  in  hydrophones  or  ultrasonic  transducers. 

As  an  extension  of  this  work,  we  have  examined 
composites  possessing  0-3  connectivity  (ceramic 
particles  in  a  polymer  matrix)  for  the  development  of 
piezoelectric  or  pyroelectric  "paints'.  The  initial 
question  that  must  be  addressed  is:  is  it  feasible  to 
load  a  typical  paint  vehicle  to  the  levels  required  to 
obtain  good  piezoelectric  or  pyroelectric  activity  in 
the  final,  dry  film?  In  fact,  it  is  common  in  flat  and 


ceiling  paints  to  load  to  60-80  volume  percent 
pigment. (4)  By  replacing  the  pigment  with  an 
electroceramic  filler  one  could  produce  a 
piezoelectric  or  pyroelectric  paint  for  large  area 
sensor  applications. 

One  purpose  of  this  paper  is  to  demonstrate  the 
basic  principle  that  one  can  indeed  prepare  a 
ferroelectric  paint.  Here  we  present  preliminary 
results  of  an  ongoing  investigation  in  this  area. 


EXPERIMENTAL 


The  latex  emulsion  used  in  this  study  consisted  of 
a  random  copolymer  of  methyl  methacrylate  and  2- 
hexyl  acrylate  (obtained  from  E.l.  duPont  de 
Nemours.  Lucite  11018)  dispersed  in  water  (60  % 
solids).  Various  surfactants  and  rheological  agents 
were  purchased  from  Polysciences.  Inc..  These 
include  sodium  carboxy  methyl  cellulose, 
hydroxyethyiceilulose,  sodium  lauryl  sulfate  (an  ionic 
surfactant)  and  polyethylene  oxide  (a  nonionic 
surfactant).  "Foammaster*  defoamer  was  obtained 
from  Rohm  Haas,  Inc. 

Rims  were  prepared  by  combining  the  copolymer 
emulsion  with  the  surfactants  and  rheological  agents 
in  the  proportions  designated  in  ref.  5.  The 
ferroelectric  filler  was  then  loaded  into  the  "paint 
base"  and  the  mixture  was  allowed  to  stir  for  one 
hour  at  room  temperature.  Filler  concentrations 
which  resulted  in  60  or  70%  by  volume  in  the  final, 
dry  film  were  used.  Sufficient  defoamer  was  added 
to  eliminate  the  formation  of  air  bubbles  while 
stirring. 

Composites  were  then  prepared  by  casting  the 
suspension  onto  brass  plates  with  rough  surfaces  to 
ensure  good  adhesion  between  the  metal  and  the 
paint.  The  films  were  allowed  to  air  dry  for  24  hours, 
then  placed  in  a  vacuum  oven  at  110  °C  for  an 
additional  24  hours.  This  was  done  in  order  to 
remove  all  residual  water. 

Gold-sputtering  was  used  to  electrode  the  films 
on  one  side  while  the  brass  plate  acted  as  the 
second  electrode.  Film  thicknesses  ranged  from 
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0.020-0.050  cm  and  wars  suitable  for  both 
piezoelectric  and  dielectric  measurements. 

All  composites  were  examined  with  an  I.S.I.  Supor 
MIA  Scanning  Electron  Microscope  to  determine  the 
dispersion  of  the  ceramic  particles  m  the  polymer 
matrix. 


The  poling  apparatus  consisted  of  an  oil  bath  and  an 
external  power  supply.  The  temperature  of  the  bath 
was  maintained  at  75  °C.  The  voltage  was  applied 
stepwise;  the  specimen  was  allowed  to  remain  at  a 
particular  voltage  for  10  minutes,  then  the  field  was 
increased.  This  process  was  repeated  until  the 
maximum  field  for  a  given  composite  was  reached 
(50-140  kV/cm).  This  procedure  minimized  the 
possibility  of  electrical  breakdown  and  allowed 
higher  fields  to  be  applied  than  the  ’conventional" 
method. 

Measurements  of  033  were  made  using  a 
Beriincourt  Piezo  djy-meter  at  100  Hz  for  each  poled 
sample.  (I33  is  the  composite  piezoelectric 
coefficient  which  develops  as  a  result  of  applying  a 
stress  parallel  to  the  poling  direction.  The  £33  values 
reported  here  are  the  average  of  10  random 
measurements  (5  on  each  elect  rod  ed  surface). 

To  measure  the  hydrostatic  piezoelectric 
coefficient  the  composite  was  placed  in  an  oil 
chamber.  The  pressure  inside  this  chamber  was 
raised  to  100  psi,  and  an  AC  stress  generator,  which 
was  driven  by  a  function  generator  adjusted  to  50  Hz, 
provided  alternating  pressure  cycles  inside  the 
sample  enclosure.  The  voltage  produced  by  each 
sample  and  a  standard  was  displayed  on  a  spectrum 
analyzer  and  was  recorded,  d^  was  then  calculated 
from  the  voltage  magnitude. 

Resistivity  and  dielectric  constant  measurements 
were  made  using  a  Hewlett-Packard  Model  4270A 
Automatic  Capacitance  Bridge  at  a  frequency  of  1 
kHz  at  room  temperature. 


RESULTS  AND  DISCUSSION 


Originally,  sodium  lauryl  sulfate  (ionic  surfactant) 
was  used  in  the  paint  formulation.  By  examining  the 
breakdown  strengths  of  the  polymer  with  and  without 
this  component,  it  was  determined  that  a  much 
higher  field  could  be  applied  to  the  samples  if  the 
ionic  surfactant  was  excluded  from  the  paint 
formulation.  (Table  i)  All  data  reported  in  this  paper 
refer  to  composites  in  which  the  ionic  surfactant  has 
been  removed  and  replaced  by  an  equivalent 
amount  of  polyethylene  oxide.  The  resistivities  of  the 
unloaded  samples  are  also  presented  in  Table  1. 
Note  that  the  resistivities  are  relatively  low  in 
comparison  to  PZT  and  comparable  to  PbTi03.(i) 


The  importance  of  the  conductivity  of  the  polymer 
and  ceramic  in  poling  has  been  pointed  out  recently 
by  Gururaga,  et  al.(6)  Based  on  their  model,  one 
would  expect  the  ceramic  (especially  PZT)  to 
experience  a  relatively  large  fraction  of  the  applied 
poling  field. 

The  microstructure  of  the  composites  were 
examined  by  SEM  to  determine  the  dispersion  of  the 
ceramic  particles  in  the  polymer  matrix.  The 
dispersion  of  PbTiOs  powder  in  the  composites  was 
excellent,  indicating  that  the  combination  of 
surfactants  and  rheological  agents  utilized  were 
appropriate  for  this  system.  (Fig.  1 )  The  PZT  filled 
composites,  however,  did  not  show  a  uniform 
dispersion  of  particles  throughout  the  polymer  matrix. 
The  micrographs  showed  two  distinct  regions;  a 
polymer  rich  zone  and  a  PZT  rich  region.  This  is 
most  likely  due  to  the  different  particle  sizes  of  the 
PbTi03  (4-5  microns)  and  PZT  (submicron).  An 
adjustment  clearly  needs  to  be  made  in  the  amount 
of  surfactant  used  in  the  PZT  filled  composite. 

As  shown  in  Table  2.  the  dielectric  constants  for  the 
PZT  filled  samples  are  similar  to  those  observed 
previously  (1-3)  while  the  values  for  the  PbTi03 
composites  are  somewhat  higher  than  those 
reported  in  the  literature.(l)  The  resistivities  of  the 
PZT  and  PbTiOs  composites  are  also  listed  in  Table 
2. 

The  values  of  ^  were  found  to  be  20-25  for  PZT- 
polymer  composites  and  20-35  for  PbTi03 
composites.  These  values  are  comparable  to  those 
reported  previously  for  poled  PZT  and  PbTi03- 
polymer  composites.  Polymers  such  as  those  used 
in  this  study  are  frequently  suseptible  to  dissolution 
or  swelling  in  organic  fluids.  Consequently, 

immersion  in  an  oil  bath  may  not  be  ideal  for  the 
poling  of  these  composites.  Perhaps  by  using 
another  technique,  such  as  the  corona  discharge 
method  (in  air),  this  problem  can  be  alleviated.  The 
hydrostatic  voltage  coefficient.  Ht,,  is  also  listed  in 
Table  2  for  each  composite.  These  values  are  lower 
than  expected  on  the  basis  of  previous  literature 
values.(l) 

The  losses  for  the  composites  are  relatively  high 
(tan  6  •  0.3-0. 4),  presumably  because  the  dried  paint 
base  is  well  above  its  Tg  (or  a  -relaxation).  This  is  in 
the  temperature  region  where  so-called  d.c.  loss 
(due  to  conduction  of  ionic  impurities  in  the  polymer) 
becomes  important.  Presently,  we  are  evaluating 
other  candidate  paint  bases  to  alleviate  this  problem. 
Polymers  with  Tg's  relatively  near  or  above  room 
temperature  may  be  better  suited  for  preparing  0-3 
composites  with  low  dielectric  losses. 
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ABSTRACT 

A  new  approach  to  piezoceramic-poiymer  composites  (or 
piezoelectric  applications  has  been  investigated.  The  resultant 
composites  are  analogs  of  the  conventional  0-3  composite  structure. 
An  approximately  3-0  connected  composite  can  be  prepared  by  hot 
pressing  large  polyethylene  spheres  and  PZT  powder.  These  3*0 
composites  may  be  visualized  as  an  inverse  brick  wall  structure-the 
'mortar*  (PZT}  is  the  high  dielectric  constant  material  and  the  "bricks* 
(PE)  are  the  low  dielectric  constant  material.  In  addition,  the  three 
connected  phase  (PZT)  is  the  less  compliant.  Given  such  properties 
and  connectivity,  two  major  benefits  accrue  The  electric  field 
distribution  within  the  composite  will  be  more  favorable  for  poling 
than  in  an  0*3  composite.  Additionally,  applied  stress  should  be 
concentrated  on  the  PZT  phase,  thus  resulting  in  increased 
piezoelectric  response. 

The  poling  behavior  of  these  3-0  composites  is  improved  when 
contrasted  with  that  of  their  0-3  analogs.  The  applicability  of  these 
3-0  composites  will  be  demonstrated  through  measurement  of  their 
dM  and  dh  coefficients.  The  dielectric  constant  and  dielectric  loss 
as  functions  of  frequency  and  temperature  have  also  been 
measured. 

MATERIALS  INDEX:Composite,  Piezoelectric,  Lead  Zirconate  Titanate,  Polyethylene 


Introduction 

The  advantages  of  composite  materials  for  improving  device  performance 
compared  to  single  phase  materials  have  been  demonstrated  for  a  number  of 
disparate  applications  on  several  size  scales.  Mechanical  (ABS-acrylonitrile 
butadiene  styrene)  materials  are  based  on  polymer  blends  which  may  be  viewed  as 
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composites  on  the  nanometer  scale.  Piezoelectric  transducers  are  composites  on 
the  micron  to  millimeter  scale,  whereas  reinforced  concretes  are  composites  on  the 
centimeter  scale.  In  examining  diphasic  composites  there  are  ten  possible 
connectivity  patterns,  where  connectivity  is  defined  as  the  number  of  dimensions  in 
which  a  phase  is  self-connected.  In  order  to  descnbe  a  composite  connectivity,  the 
individual  connectivities  of  the  phases  are  written  in  order  (1).  The  concept  of 
ordered  mixing  is  also  important  to  composite  connectivity  (2).  Although  only  ten 
distinct  diphasic  connectivities  are  possible,  the  convention  of  placing  the  active 
phase  first  effectively  adds  eight  possible  inverted  connectivities.  Thus  the  1-3 
piezoelectric  composites  of  Klicker  (3,4)  are  the  basis  for  the  3-1  inverse  composites 
of  Safari  (5,8).  The  0-3  composites  (7)  can  be  inverted  to  form  an  analogous  series 
of  3-0  composites:  3-0,  3-0-0,  3(03)-0.  These  3-0  composites  may  be  viewed  as 
inverse  brick  wall  composites.  The  'bricks*  are  an  inert,  inactive  polymer  and  the 
'mortar*  is  a  piezoelectric  ceramic  material.  In  particular,  the  0-3  composite  can  be 
inverted  to  form  a  3-0  (Figure  1).  The  3-0  connectivity  has  several  possible 
advantages  over  0-3  samples: 

1  improved  flux  distribution  for  poling 

2) lmproved  stress  distribution 

3) Formation  of  residual  stresses. 


□  Active 


Inert 


FIG.  la 

0-3  Composite 


FIG.  lb 

3-0  Composite 
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The  electric  flux  distribution  dunng  poling  is  controlled  by  the  dielectric  constants  of 
trie  component  phases  in  the  short  time  limit  and  by  trie  component  conductivities  in 
trie  long  time  limit.  The  usual  0-3  (PZT-polymer)  composites  yield  very  poor  electric 
flux  distributions  for  poling.  In  these  0-3  composites  the  polymer  matrix  is  trie  low 
dielectric  constant  phase,  the  low  conductivity  phase,  and  the  three  connected 
phase;  consequently,  the  flux  concentrates  in  the  polymer  at  ail  times.  This  fact 
makes  it  difficult  to  achieve  sufficient  field  in  trie  PZT  to  pole  it  effectively.  In  the  3-0 
case  the  inverse  conditions  exist.  The  PZT  matrix  is  the  high  dielectric  constant 
phase,  the  high  conductivity  phase,  and  the  three  connected  phase.  Although  the 
Maxwell-Wagner  conditions  cause  distortion  of  the  flux  near  the  polymer  phase,  flux 
continuity  requires  passage  through  the  PZT  (Figure  2)  This  makes  it  easier  to 
achieve  sufficient  poling  fields  in  the  PZT  in  a  3-0  composite  than  in  a  0-3. 


FIG.  2 

Electric  Field  in  a  3-0  Composite  of  PZT  and  PE 

The  stress  distribution  is  enhanced  analogously  to  that  in  a  i  -3  or  3-1  configuration, 
i.e.  the  low  compliance  phase  (PZT)  bears  a  disproportion aily  large  share  of  the 
stress,  thus  improving  the  piezoelectric  response. 

The  higher  coefficient  of  thermal  expansion  of  the  polymenc  component  tends  to 
introduce  residual  stress  and  circumferential  voiding  which  aid  the  stress 
concentrating  effect  and  partially  decouple  d31  from  dh.  This  decoupling  is  not  as 
substantial  as  that  found  in  the  3-1  and  3-2  composites  (6).  In  addition  to  decoupling 
dj  (  and  dh>  the  porosity  does  have  a  deleterious  effect  on  the  pressure  stability  of 
the  3-0  samples.  The  impedance  matching  characteristics  of  the  0-3  composites  are 
retained  in  the  3-0's. 


Composites  and  Materials 

The  three  connectivities;  3-0,  3-0-0,  3(03)-0,  are  formed  from  four  materials.  The 
piezoelectric  phase  in  each  composite  was  PZT  501 A  from  Ultrasonic  Powders.  This 
is  a  soft  PZT  with  a  particle  size  of  3-6  tim.  The  inert  polymer  phase  in  each 
composite  was  Mariex  6001  polyethylene  from  Phillips  Petroleum.  This  polyethylene 
has  a  high  molecular  weight  and  a  Tm  of  1 35°C.  The  bead  size  was  approximately  6 
mm.  The  3-0-0  composites  included  an  inactive  conductive  filler:  Black  Pearls  2000 
from  Vulcan.  The  3(03)-0  composites  possessed  a  three  dimensionally  connected 
phase  which  was  itself  a  0-3  composite  of  PZT  and  Eccogel  0  from  Emerson  and 
Cuming.  Eccogel  0  is  a  highly  flexible  two  component  potting  epoxy. 
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Fabrication 

Dry,  sieved  (<200  mesh)  PZT,  sufficient  to  form  a  1-2  mm  layer  was  loaded  into  a  i  .8 
cm  diameter  steei  die.  After  mechanical  levelling  and  shaking  to  achieve  a  high  tap 
density,  ten  to  twenty  polyethylene  beads  were  loaded  and  symmetncaily  arranged 
on  the  PZT  layer.  Additional  PZT  to  fill  the  interstices  between  the  polyethylene  was 
added  and  shaken  mechanically.  An  upper  layer  (1-2  mm)  of  PZT  was  then  added 
and  shaken  to  achieve  a  high  density. 

This  three  layer  sandwich  was  then  umaxiatly  hot  pressed  at  190°C  and  200  MPa  for 
times  ranging  from  IS  to  60  minutes.  Periodic  reductions  in  pressure  were  used  to 
aid  the  removal  of  entrapped  air.  Thermal  gradients  were  minimized  by  physically 
flipping  the  die  at  fifteen  minute  intervals.  After  pressing,  the  composites  were  slow 
cooled  within  the  die.  Cooling  prior  to  removal  from  the  die  was  necessary  to  prevent 
warping  and  cupping  in  the  thinner  composite  samples.  Subsequent  to  removal  from 
the  die.  the  composites  were  polished  to  600  grit  emery  paper  to  yield  flat  parallel 
surfaces.  This  polishing  also  served  to  remove  the  majority  of  the  polymer  skin  on 
the  external  surfaces.  If  the  polymer  skin  is  not  removed  it  acts  as  a  low  dielectric 
constant  capacitor  in  series  with  composite,  which  prevents  poling  of  the  composite. 
Electroding  for  poling  was  done  with  air  dry  silver  paint. 

Sample  processing  for  3-0-0  composites  was  carried  out  in  the  same  manner  as  with 
the  3-0  composites  except  for  the  addition  of  0.4  to  1 .5  vol%  carbon.  This  carbon  was 
added  in  two  different  ways.  In  the  3-O-OA  samples  the  carbon  was  added  to  the  PZT 
and  Spex  milled  for  f  0  minutes;  whereas,  in  the  3-0-0B  samples  the  carbon  was 
added  to  the  polyethylene  beads  and  Spex  milled  for  1 0  ~  nutes.  The  resulting 
3-O-OA  composites  thus  possessed  a  carbon  PZT  matrix  pha; 3-  a  more  conductive 
matrix  phase  than  the  3-0's.  The  3-0-0B  samples  incorporated  polyethylene  beads 
whose  surfaces  were  carbon  coated  into  the  PZT  matrix.  These  samples  are  large 
scale  versions  of  the  composites  of  Tokuoka  (8). 

Dry,  sieved  (<200  mesh)  PZT,  was  mixed  with  35  vol%  Eccogel  0  by  Brabender 
mixing.  This  mixing  process  does  not  incorporate  porosity.  The  resulting  0-3 
composite  paste  was  added  to  ten  to  twenty  polyethylene  beads  and  hand  mixed 
without  incorporating  air  bubbles.  The  raw  composites  were  pressed  at  25°C  and 
200  MPa  for  30  minutes  and  cured  without  pressure  for  8  hours  at  70°C. 


Polino  and  Piezoelectric  Coefficients 

All  composites  were  poled  in  silicone  oil  at  DC  fields  of  10-100  kV/cm  at  100°C  for 
10  to  30  minutes.  Stepping  the  field  upward  by  5  kV/cm  steps  was  required  to  avoid 
failure  of  ‘.he  composites.  Resulting  d33  values  as  measured  on  a  Berlincourt  033 

meter  are  given  in  Table  1.  Quasistatic  dh  values  were  measured,  but  were  less 
than  5  pC/N.  These  poor  hydrostatic  coefficients  are  a  result  of  the  residual  porosity. 
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TABLE 

Piezoelectric  Data  for  Various  0-3  Type  Composites 


SAMPLE 

Vol%  PZT 

d33  pC/N 

3-0  #10 

56 

18 

3-0  #12 

59 

8 

3-0  #16 

47 

23 

3-O-OA  #1 

25 

5 

3-0-0B#25 

38 

24 

Esctncal  Data 


Dissipation  factors  and  dielectric  constants  were  measured  on  a  4274A  Hewlett 
Packard  multifrequency  LCR  meter  as  a  function  of  temperature  (-25  to  125  C)  at 
four  frequencies  (100Hz,  1kHz,  10kHz,  100kHz).  Plots  of  these  data  for  3-0 
composite  #16  are  shown  in  Figure  3.  Solid  lines  are  heating  runs  and  dotted  lines 
are  the  subsequent  cooling  run.  Electrical  data  for  3-0-0A  composite  #1  is  shown  in 
Figure  4.  Figures  5  and  6  show  the  electrical  data  for  3-0-0B  composite  #25  and  for 
3(03)-0  composite  #1 7  respectively. 


M  L 


-25  50  125 

’EMPER5W 

0.  :0 , _ _ 


5 


FIG.  3 

Electrical  Data  for  3-0  Composite  #16  at  100Hz  and  100kHz 


Voi.  21.  No.  12 


3:0  COMPOSITES 


1453 


temperature  °c 

RG.  SB 

Electrical  Data  for  3-0-0B  Composite  #25  at  1 00Hz  and  100kHz 


TEMPERATURE  °C 

FIG.  6 

Electrical  Data  for  3(03)-0  Composite  #1 7  at  1 00Hz  and  1 00kHz 
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The  electrical  and  piezoelectric  properties  of  the  3-0,  3-0-0,  and  3(03)-0  composites 
are  not  yet  consistently  reproducible.  Processing  variations  are  large  and 
processing  variables  are  difficult  to  adequately  control.  A  comparison  of  the  033 
values  for  3-0  composites  #12.  #10,  and  #16  (Table  1)  dearly  illustrates  this 
variability.  Samples  with  low  033  show  large  losses.  Good  samples  (d33>i5pC/N) 
show  acceptable  losses  in  the  3-0  and  3-0-0  cases.  The  huge  losses  in  the  3(03)-0 
case  (Figure  6)  are  attributed  to  the  Eccogel  0.  Residual  open  and  closed  porosity 
weakens  the  composites  compared  to  0-3  samples,  although  the  3-0  composites  are 
not  particularly  fragile. 


Summant 

PZT-PE  composites  of  3-0  connectivity  have  been  made  and  show  promise  for 
competition  with  0-3  composites.  Large  d33  coefficients  (>20pC/N)  are  achievable 
for  <50  vol%  PZT.  This  results  from  better  electric  field  distribution  during  poling  and 
from  stress  concentration  on  the  PZT  active  phase.  Residual  open  porosity 
precludes  attainment  of  good  hydrostatic  piezoelectric  coefficients.  However.it 
should  be  possible  to  reduce  the  porosity  below  the  4-10  vol%  in  the  present 
composites. 
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A  now  approach  to  ptezoceranvc-poiymer  composites  for 
p toanctrlc  application*  has  boon  investigated.  Ths  resultant 
compoaAee  in  analogs  ot  ths  conventional  0-3  composite 
structure.  An  approximately  3-0  connected  composite  can  oe 
prepared  by  hot  pressing  large  polyethylene  spheres  and  PZT 
powder.  These  3-0  composites  may  be  visuaflzed  as  an  inverse 
brick  wail  structure-the  'mortar'  (PZT)  is  the  high  dielectric 
constant  material  and  the  "bricks’  (PE)  are  the  low  dielectric 
constant  material.  maddMon.  the  three  connected  phase  (PZT)  is 
the  less  compliant.  Given  such  properties  and  connectivity,  two 
major  benefits  accrue.  The  electric  Held  distribution  within  the 
composite  wil  be  more  favorable  lor  poling  than  in  an  0-3 
composite.  AddWonaHy,  applsd  stress  should  be  concentrated 
on  the  PZT  phase,  thus  resulting  In  increased  piezoelectric 
response. 

The  poflng  behavior  of  these  3-0  composites  is  improved  when 
contrasted  with  that  of  their  0-3  analogs.  The  applicability  of  these 
3-0  composites  wM  be  demonstrated  through  measurement  of 
their  <*33  and  df,  coefficients.  The  dielectric  constant  and 
delectrfe  loss  as  functions  of  frequency  and  temperature  have  also 
been  measured. 


t.  Introduction 

The  advantages  at  composite  materials  for  improving 
device  performance  oompared  to  single  phase  materials  have 
been  demonstrated  for  a  number  ot  disparate  applications  on 
several  size  scales.  Mechanical  (A8S-acryioratnle  butadiene 
styrene)  materials  are  based  on  polymer  blends  which  may  be 
viewed  as  composites  on  the  nanometer  scale.  Piezoelectric 
transducers  are  composites  on  the  micron  to  millimeter  scale, 
whereas  reinforced  concretes  are  composites  on  the  centimeter 
scale,  in  examtrang  diphasic  compoaAee  there  are  ten  possible 
connectivity  patterns,  where  connectivity  le  defined  as  the 
number  of  dbnenslons  w  whtoh  a  phase  is  dl-connectad.  m  order 
to  describe  a  composes  connectivity,  the  mdfoduai  connectivities 
ot  the  phases  are  written  in  order  (f  {.  The  eonceot  of  ordered 
mixing  is  also  importers  to  composes  connective  [2],  Although 
only  ten  distinct  diphasic  connectivities  are  possible,  the 
convention  of  piecing  the  active  phase  first  effectively  adds  eght 
possible  inverted  connectivities.  Thus  the  1-3  piezoelectric 
composaee  of  KJlcker  [3,4|  are  the  basis  tor  the  3-t  inverse 
composites  of  Safari  [5.8].  The  0-3  composites  [7]  can  be  inverted 
to  lorm  an  analogous  series  of  3-0  oomposAes:  3-0.  3-0-0.  3(03)-0. 
These  3-0  composAee  may  be  viewed  u  inverse  brick  wail 
compoaAee.  The  ^rteka*  are  an  inert.  Inactive  polymer  and  the 
'mortar'  la  a  piezoelectric  ceramic  material,  in  particular,  me  0-3 
composite  can  be  inverted  to  form  a  3-0  (Figure  n  The  3-0 
conneoivAy  has  several  posable  advantages  over  0-3  same'es; 


1  (Improved  flux  distribution  lor  polktg 

2)  Improved  stress  distribution 

3)  Formation  of  residual  stresses. 

The  electric  flux  dtenbution  during  poling  is  controlled  by 
the  dielectric  constants  ot  the  component  phases  in  the  short  time 
limit  and  by  the  component  conductivities  In  the  long  time  Urn*. 
The  usual  0-3  (PZT-potymer)  composts*  yield  very  poor  electric 
flux  distributions  ior  polng.  In  these  0-3  compoaAee  the  polymor 
matrix  a  the  low  dielectric  constant  phase,  the  low  conductivity 
phase,  and  the  three  connected  phase:  consequently,  the  flux 
concentrates  in  the  polymer  at  at  times.  Thfa  fact  makes  A  dAflcUl 
b  achieve  sufficient  field  in  the  PZT  to  pole  A  effectively.  In  the  34) 
case  the  inverse  conditions  exist.  The  PZT  matrix  is  the  high 
dielectric  constant  phasa.  the  high  conductivity  phase,  and  the 
three  connected  phase.  AAhough  the  MaxweA-Wagner  condWene 
cause  dMortion  ot  the  flux  near  the  polymer  phase,  flux  conbnuly 
requires  passage  through  the  PZT  (Figure  2)  This  makes  A  easier 
to  achieve  sufficient  soling  fields  in  the  PZT  in  a  3-0  composes 
than  At  a  0-3. 

The  stress  distribution  is  enhanced  anelogoueiy  to  that  At 
a  1-3  or  3-1  configuration,  l.o.  the  low  compliance  phase  (PZT) 
dears  a  disproportions! ly  large  share  of  the  stress,  thus  improving 
the  piezoelectric  response. 

The  higher  coefficient  of  thermal  expansion  of  tha 
polymeric  component  tends  to  introduce  residual  strsss  and 
circumferential  voiding  which  aid  the  stress  concentrating  effect 

and  partially  decouple  03 1  from  d*,.  This  decoupling  is  not  as 
substantial  as  that  found  in  the  3- 1  and  3-2  compoaAee  (6).  In 
addition  to  decoupling  031  and  d*.  the  porosity  dost  have  a 
deleterious  effect  on  the  pressure  stability  »:  the  3-0  samples. 
The  impedance  matching  characteristics  of  the  0-3  composites  are 
retained  in  the  3-0‘s. 

2.  CompoaAee  and  Materials 

The  three  connectivities'.  3-0. 3-0-0.  3(03)-0.  are  formed 
from  four  materials.  The  piezoelectric  phase  in  each  composite 
was  PZT  SOt  A  from  Ultrasonic  Powders.  This  is  a  soft  PZT  with  a 
panda  size  of  3-0  urn.  The  inert  polymer  phase  in  each  oomposAe 
was  Mariex  6001  potysthyltne  from  Phillips  Pttroleum.  This 

polyethylene  has  a  high  molecular  weight  tnd  iTm  of  135°C.  The 

bead  size  was  approximately  $  mm.  The  3-0-0  compoeAes 
included  an  inactive  conductive  filler:  Black  Pearls  2000  from 
Vulcan.  The  3(03)-0  compoaAee  possessed  a  three  dimensionally 
connected  phase  which  wee  itself  a  0-3  composes  of  PZT  and 
Eceogel  0  from  Emerson  and  Cuming.  Eccoget  0  >s  1  highly 
flexible  two  component  porting  epoxy. 
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3.  Fabricated 

Dry,  slaved  (<200  maari)  PZT,  fcfltatert  to  form  a  1-2  im 
layarwaaloadadinteal4cmdaiiia(araiaa<da.  Aftarmachaneai 
availing  and  shaking  to  acritava  a  high  tap  dansky,  tan  to  twenty 
polyethylene  baada  were  loadad  and  tymma treaty  arranged  on 
tha  PZT  layar.  AddUonal  PZT  to  « tha  imarttteaa  between  the 
polyethylene  was  addad  and  ahafcan  mschanicafly.  An  uppar  layar 
(1-2  mm)  o t  PZT  was  than  addad  and  ehafcan  to  achlavo  a  high 
danatty. 

Thia  three  layar  sandwich  waa  than  uniaxiaity  hot  praaaad 
at  190°C  and  200  MPa  lor  tlmaa  ranging  Irani  IS  to  SO  mirutaa. 
Partodte  raducttena  in  praaaura  wort  uaad  to  aid  tha  ramova!  o l 
antrappad  air.  Tharmai  gradianta  war*  minimusd  by  physically 
flipping  tha  dia  at  fifteen  minuta  mtarvaia.  Attar  praaaing,  tha 
eompoaitaa  wara  slow  coo  lad  within  tha  dia.  Cooling  prior  to 
ramoval  from  tha  dia  waa  nacaaaary  to  prawant  warping  and 
cupping  in  tha  thinnar  compoaita  samp  la  a.  Subsequent  to 
ramoval  from  tha  dia.  tha  composites  wara  poliahad  to  600  grit 
amary  pa par  to  yiafd  flat  panUM  surfaoaa.  Thia  polishing  alao 
sarvad  to  ramova  tha  majority  of  tha  pofymar  skin  on  tha  external 
surfacaa.  It  tha  pofymar  skin  la  not  ramovad  It  acta  as  a  low 
diafactric  constant  capacitor  in  sariaa  with  compoaita.  which 
pravanta  poling  of  tha  compoaita.  Bactroding  for  poling  waa  dona 
with  air  dry  silvar  paint 

Sampia  procaasing  for  3-0-0  eompoaitaa  was  carriad  out 
is  tha  sama  mannar  as  with  tha  3-0  eompoaitaa  axcapt  for  tha 
addition  of  0.4  to  1-5  vof%  carbon.  This  caibon  waa  addad  in  two 
dkfarertways.  In  tha  3-O-OA  sampias  tha  carbon  was  addad  to  tha 
PZT  and  Spex  millad  for  10  minutaa;  wharaaa,  in  tha  3-0-OB 
sampias  tha  carbon  was  addad  to  tha  polyathytana  baada  and 
Spax  millad  for  10  minutaa.  Tha  raautlng  3-O-OA  eompoaitaa 
thus  poasassad  a  carbon  PZT  matrix  phasa-  a  mora  conductiva 
matrix  phasa  than  tha  3-0'a.  Tha  3-0-08  sampias  incorporated 
polyathyiana  baada  whosa  surfacaa  wara  carbon  eoatad  into  tha 
PZT  matrix.  Thasa  sampias  ara  iarga  seala  varsiona  of  tha 

eompoaitaa  of  Tokuoka  [8]. 

Dry,  siav  ad  (<200  mash)  PZT.  was  mix  ad  with  35  vol% 
Eccogei  0  by  Brabandar  mixing.  This  mixing  procasa  do  as  not 
incorporata  porosity.  Tha  resulting  0-3  compoaita  pasts  was 
addad  to  tan  to  twenty  polyathyiana  baada  and  hand  mixsd 
without  incorporating  air  bubbles.  The  raw  eompoaitaa  ware 
pressed  at  2S°C  and  200  MPa  tor  30  minutes  and  cured  without 
pressure  tor  8  hours  at  70«C. 


4  Poling  and  Piezoelectric  Coefficients 

All  eompoaitaa  wara  poled  in  sdloone  oil  at  0C  fields  of 
10-100  kV/cm  at  100°C  for  10  to  30  minutes.  Slapping  the  field 
upward  by  5  kV/cm  steps  was  required  to  avoid  failure  of  tha 
composites.  Resulting  633  values  as  measured  on  a  Bertincourt 
033  mater  are  given  In  Table  1 .  Quasistatic  dn  values  wars 
measured,  but  wara  less  than  5  pC/N.  Thasa  poor  hydrostatic 
coefficients  ara  a  result  of  tha  residual  porosity. 


S.  BactricaiOau 

Dissipation  factors  and  dielectric  constants  wara 
measured  on  a  4274A  Hewlett  Packard  muSkrequency  LCR  mater 
as  a  function  of  temperature  (-25  to  125  C)  at  four  frequences 
(100Hz,  1kHz,  10kHz,  100kHz).  Plots  of  these  dsta  for  3-0 
composite  si  8  are  shown  in  Figure  3.  Solid  lines  ere  hasting  tuna 
and  dotted  knee  are  the  subsequen  cooling  run  Electrical  data 
for  3-0-0A  compoaita  #1  la  shown  In  Figure  4.  Figures  5  and  6 
show  ths  electrical  data  for  3-0-08  oompotka  #25  and  tor  3<03)-0 
composes  #1 7  respectively 

Tha  electrical  and  piezoelectric  properties  of  the  3-0. 
3-0-0,  and  3(03)-0  composites  are  not  yet  consistently 
reprorkrclble.  Processing  variations  are  large  and  procaasing 
variables  are  dMflart  to  adequately  control.  A  oomparieon  of  tha 
033  values  for  3-0  compoeJtee  #12,  fio.  and  #18  (Table  i)  dsariy 
Aistratee  tht  vanabtty.  Samples  wkh  low  633  show  large  toasaa. 
Good  sampias  <d33»15pC/N)  show  acceptable  lossaa  in  tha  3-0 
and  3-0-0  cases.  The  huge  losses  In  the  3<03)-0  case  (Figure  6) 
are  attributed  to  the  Eccoget  0.  ReakJute  open  and  dosed  porosity 
weakens  the  composts*  compared  10  0-3  awpiea.  although  tha 
3-0  compoetaa  are  not  particuiariy  fragie. 

1  Summary 

PZT-PE  compoeJtee  of  3-0  connectivity  have  been  made 
and  show  promise  for  competition  with  0-3  oompoaltss.  Lagetto 
coefficients  (>20pC/N)  ara  achi dvabia  for  <50  vol%  PZT.  Thia 
results  from  better  electric  field  distribution  during  poling  aid  from 
strata  concentration  on  the  PZT  active  phaaa.  Residual  open 
porosity  prscludts  attainment  of  good  hydrostatic  piezoelectric 
coefficients.  However Jt  should  be  posable  to  reduce  tha  porosity 
below  the  4-10  vof%  In  the  present  oompoakte. 
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Figure  la.  0-3  Compost* 


Flgur*  2.  Elsctrlc  field  in  a  3-0  composite 
of  PZT  and  PE. 


Tabla  i.  Piazoafactile  data  for  various  0-3  typa  composts*. 
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Figure  3.  ElactricaJ  data  for  3-0  compoaits  #1 S. 

3a.  Dfalactric  constant  vs.  tamparaura  at  100  Hz  and  100kHz. 


3b.  Dissipation  factor  vs.  tamparatura  at  100  »!z  and  100kHz. 
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Figure  4.  Electrical  data  lor  3-O-OA  oompoaie  IV 

4a.  Dielectric  oonetart  va.  tamper  Mure  at  100  Ha  and  100kHz. 


4b.  Os*  cation  factor  va.  temperature  ai  100  Ha  and  lOOhHa. 
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Abstract 

In  coaposites  with  0-3  connectivity,  a 
loading  of  aore  than  60  voluae  percent 
piezoelectric  filler  is  required  to  achieve  useful 
piezoelectric  properties.  A  imitation  of  the 
presently  used  fabrication  procedure  is  the 
difficulty  in  preparing  coaposites  with  such  high 
loading.  A  new  aethod  of  preparing  0-3  coaposites 
is  presented  in  this  paper  in  which  aore  than  70 
Vol%  filler  particles  can  be  incorporated  easily. 
Conventional  and  corona  discharge  poling 
techniques  were  used  to  electrlcslly  polarize  the 
coaposites.  Dielectric  snd  piezoelectric 
properties  of  these  coaposites  are  presented  in 
this  paper. 


1.  Introduction 

Lead  zlrconate  tltanate  (PZT)  ceramics  are 
used  extensively  as  a  piezoelectric  material 
despite  their  several  disadvantages.  PZT  has  a 
large  piezoelectric  d33  coefficient  but  Its 
hydrostatic  plezoelctrlc  coefficient  dh(»d33+2d31) 
Is  luw  because  d31  has  negative  sign  and  the 
magnitude  of  d31-l/2  d3J.  Moreover,  its  high 
permittivity  («“2000  iQ)  lowers  the  voltage 
coefficients  8^3<*033/t)  and  g^f-d^/s)  and  hence 
makes  It  a  poor  acoustic  pressure  sensors.  In 
addition,  the  high  density  of  PZT  (7900  Eg/a3) 
askes  it  difficult  to  obtain  good  impedance 
matching  with  water.  PZT  Is  also  brittle  ceraaic 
and  for  underwater  hydrophone  applications  a  more 
coapliant  material  with  better  shock  resistance  is 
desirable. 

One  approach  to  overcome  these  problems  is  to 


(1.2] . 

Aaong  a  variety  of  coaposites  with  different 
connectivities  studied  so  far.  the  simplest  type 
are  with  0-3  connectivity.  A  composite  with  0-3 
connectivity  consists  of  a  three-dimensional ly 
connected  polymer  matrix  loaded  with 
piezoelectrlcally  active  ceraaic  particles. 
This  cype  of  composite  does  not  have  the  desirable 
stress  concentration  factor  found  In  other 
connectivity  patterns,  so  the  hydrostatic  figure 
of  merit  Is  not  large.  However,  certain 
distinctly  advantageous  features  of  these 
coaposites  nfca  bhes  an  extreaely  interesting 
systea. 

Perhaps  one  of  the  aost  attractive  features 
of  the  0-3  design  Is  Its  versatility  in  assuming  a 
variety  of  forma  including  thin  sheets,  extruded 
bars  and  fibers,  and  certain  molded  shapes.  This 
type  of  composite  is  also  easy  to  fabricate  and 
amenable  to  mass  production.  By  using  the  right 
kind  or  polymer,  the  oomposite  can  be  made 
flexible  to  conform  to  curved  surfaces. 

Early  attempts  to  fabricate  flexible 
composites  of  PZT  ceramic  particles  and  polyaer 
were  made  by  Harrison  (3).  The  533  coefficient  of 
these  coaposites  were  comparable  with  PVDF.  An 
Improved  version  of  the  0-3  composite  was 
synthesized  by  Bsnno.  et  al.  [4].  Rather  than 
using  PZT  as  the  ceramic  filler,  pure  or  modified 
lead  tltanate  was  employed  because  of  its  greater 
piezoelectric  anisotropy.  The  lead  tltanate 
filler  was  produced  by  water-quenching  the 
ceraaic.  thereby  exploiting  the  high  strain 
present  in  the  aaterlal  In  order  to  produce  fine 
powders.  The  average  particle  size  was  about  iim. 
To  fabricate  composite  bodies,  the  piezoelectric 


replace  single  phase  ceramics  with  coaposites  made 
from  piezoelectric  ceramics  and  flexible  polymers. 
The  polyaer  phase  lowers  the  density  and 
permittivity  and  Increases  the  elastic  compliance. 
Over  the  past  few  years  several  investigators  have 
examined  piezoelectric  cersmlc-polyner  coaposites 
with  different  connectivity  patterns.  A  review  of 
the  earlier  work  on  ceraalc-polyaer  composites  for 
piezoelectric  devices  can  be  found  elsewhere 


powders  snd  chloroprene  rubber  were  mixed  and 
rolled  Into  0.5am  thick  sheets  at  40*C  using  s  hot 
roller,  snd  then  heated  at  190'C  for  20  alnutes 
under  a  pressure  of  13  kg/oa  .  The  coaposites 
were  poled  at  60*C  In  silicone  oil  in  a  field  of 
100  kV/ca  field  for  1  hour.  It  was  shown  in  this 
study  that  loading  in  excess  of  60  volume  percent 
filler  is  required  to  schieve  useful  piezoelectric 
properties.  A  limitation  of  the  presently  used 
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fabrication  procedures  such  as  hot  rolling  »nd 
wars  die  pressing  a  mixture  of  ciraic  particles 
and  polymer  is  tha  difficulty  In  obtaining  higher 
loadings  of  tha  filler  In  tha  ooaposlte. 

In  this  paper,  a  new  as t hod  of  preparing  0-3 
composites  with  loadings  In  excess  of  70%  filler 
is  described.  This  prooedure  has  proved  to  be 
advantageous  for  Improved  poling  and  consequently, 
a  better  piesoelectrlc  response.  The  composites 
were  poled  by  both  conventional  and  corona 
discharge  technique.  The  advantages  of  Corns 
discharge  technique  for  poling  0-3  composites  will 
be  discussed. 

2.  Composite  Preparation  end  Poling 

Piesoelectrlc  filler  materials  used  in  this 
study  were  PZT-501A  powder  obtained  from 
Ultrasonic  Powder  Inc.  and  PbT10}  (FT)  powder 
prepared  by  co-preolpltatlon  technique  (31.  To 
prepare  composites,  lOOgm  of  the  filler  aaterial 
was  mixed  with  7gm  of  13  wt%  PTA  solution  in 
water,  and  pressed  into  pellets  (thickness  *  0.2 
to  0.3cm,  diameter  *  2.3cm)  at  1.4  x  10“  N/a2 
pressure.  The  pellets  were  placed  on  an  alumina 
plate  and  heat  treated  at  different  temperatures 
from  130*  to  I00*C  to  either  partially  or  fully 
burn  out  the  PTA  binders.  After  cooling,  the 
pellets  were  placed  In  a  plastic  container  and 
impregnated  with  Spur re  epoxy  or  Eccogel  polymer 
under  vaouum.  The  composites  were  then  cured  for 
12  hours  at  40*C.  After  aurlng,  the  composites 
were  lapped  on  both  sides  to  ensure  uniform 
thickness.  Prom  the  density  measurements,  the 
loading  of  the  filler  material  was  estlmsted  to  be 
70  percent  by  volume.  The  composites  prepared  by 
this  new  method  will  be  referred  to  as  'Fired 
Composites’  to  distinguish  from  composites 
prepared  by  other  methods. 

The  fired  oomposltes  were  eleotroded  with 
air-dried  silver  peste  and  poled  by  both 
conventional  and  Corona  discharge  technique.  In 
the  conventional  method,  poling  was  csrried  out  in 
a  stirred  oil  bath  at  t0*C  by  applying  a  field  of 
30  Ev/cm  for  10  min. 

The  experimental  arrangement  for  Corona 
poling  is  illustrated  in  Figure  1.  A  large  DC 
potential  was  applied  to  a  set  of  needles  (thirty- 
two  In  our  apparatus)  which  sot  as  field 
lntenslflers,  causing  an  Ionisation  of  surrounding 
gas  moleoules.  One  surface  of  the  sample  to  be 
poled  was  eleotroded  and  placed  on  a  grounded 
metal  plate.  The  charge  from  the  needles  was 
sprayed  on  the  uneleotroded  surface  creating  an 
eleotrlo  field.  A  grid  with  a  positive  bias  was 
positioned  in  between  the  sample  and  the  discharge 
needles  to  control  the  intensity  of  the  charge. 
Only  highly-charged  ions  penetrate  the  grid  and 
drift  to  the  surface  of  the  uneleotroded  sample. 


Composite  samples  were  poled  with  a  voltage 
of  40ET  applied  to  the  needles,  and  10KV  applied 
to  the  grid.  The  samples  were  held  at  120*C 
during  the  poling  process.  Initial  effort  to  pole 
the  composite  after  the  polymer  impregnation 
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Figure  1.  Schematic  diagram  of  Corona  poling 
apparatus. 


resulted  only  In  a  partial  polarisation.  It  was 
found  that  poling  performed  on  the  fired  ceramic 
oompacts  prior  to  polymer  impregnation  yielded 
superior  piezoelectric  response  and  hence,  this 
sequence  ror  poling  was  used  in  our  study. 

>.  Measurements 

The  capacitance  and  dissipation  factor  were 
measured  at  lEHz  using  HP-4270A  LCR  aster.  The 
3j3  coefficient  was  measured  at  100Hz  using  a 
Berlincourt  d33-seter.  The  3),  coefficient  was 
determined  using  the  dynamic  A_C  technique  ((). 
Using  the  measured  value  of  3b,  gb  was  oaleulated 
from  the  relation  gb-3b/t. 

4.  Results  and  Discussion 

In  this  section,  at  first,  the  dependence  of 
dielectric  and  piezoelectric  properties  of  PZT- 
polyaer  composites  on  firing  temperature  is 
discussed.  A  comparison  is  made  of  the  properties 
of  the  composites  poled  oy  conventional  and  corona 
discharge  techniques.  Finally,  the  properties  of 
composites  prepared  using  eo-preclpltated  PbT103 
filler  aaterial  are  presented. 

The  3<j  and  dielectric  eonstsnt  of  the  PZT- 
Eccogel  (1363-23)  polymer  composite  as  a  function 
of  the  firing  temperature  of  PZT  pellets  are  shown 
in  Figures  2  and  3.  As  will  be  described  later, 
of  the  several  polymers  tested,  composites  with 
Eccogel  13(3-23  polymer  showed  the  highest  3J3 
values.  For  samples  poled  by  both  conventional 
and  corona  discharge  method,  333  increases 
gradually  with  increase  in  rlrlng  temperature  up 
to  (00*C,  and  sharply  above  600*C.  The  sharp 
increase  in  333  sight  be  due  to  improved  particle 
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TEMPERATURE  V  HEAT  TREATMENT  (*C) 


rigor*  1.  3j3  va.  firing  teoperatur#;  comparison 

of  Coronn  dlaobarg*  and  conventional 
poling  nethoda. 


temperature  of  heat  treatment  cci 


rigor*  3.  Bl*l*otrle  oonatant  *a.  firing 
temperature  or  flrad  oonpoaitea; 
ooaparlaon  of  oorona  dlaobarg*  and 
conventional  poling  oat  hod  a. 


oontaet  on  firing  th#  pallata  to  a  higher 
t**p*ratur*.  Tb#  dlelectrlo  oonatant  of  tb* 
ooopoaitaa  remains  unchanged  up  to  <00*C  and 
lnor*aa*a  sharply  above  (00*C.  It  a  given 
t#op*rautr«.  both  3jj  and  dleleotrlo  oonatant  of 
tb*  ooopoaitaa  poled  by  Corona  dlaobarg*  are  10- 
13%  higher  than  tboa*  ooopoaitaa  poled  by 
conventional  method. 

Three  typea  of  polyoera  naoely  Eccogel  23, 
Booogel  10  and  Spurra  epoxy  were  used  to  find  an 
appropriate  polyoar  for  tb*  fired  eoopdalt*.  3j, 
value*  aa  a  function  of  firing  teoperatur*  for  PZT 
powder  ooopaota  (poroua  FZT),  are  coapared  with 
ooopoaitaa  nod*  fro*  three  different  polyoera  in 
Figure  4.  ill  tb*  aaoplea  were  poled  by  oorona 
dlaobarg*.  It  oan  be  seen  that,  at  a  given 
teoperatur*.  £*3  of  poroua  PZT  decreases  when  It 
la  Impregnated  with  a  polyoer.  Of  tb*  three 


TEMPERATURE  OF  MEAT  TREATMENT  CC) 

Plgor*  4.  If  foot  of  firing  temperature  on  £33  of 
poroua  PZT  ooopaota  and  fired 
cooposltea  with  different  polyoera. 


polymers  chosen  in  this  study,  ooopoaitaa  with 
aore  compliant  polyoer  docogel-23)  resulted  in  a 
aaxlouo  333  value. 

Figure  3  shows  th*  variation  of  g}j  with 
firing  temperature  of  th*  fired  ooopoaltes.  £33 
Increase a  with  lnoreaa*  In  firing  tsopwratur*  and 
ahowa  a  oaxlauo  at  about  (00*C  oor responding  to 
tha  teoperatur#  at  whloh  there  was  a  aharp 
Increase  In  dielectric  oonatant  and  233.  Table  1 
ooopares  th*  dleleetrlo  and  pi*so*l*otrle 
properties  of  th*  fired  PZT  polyoor  composites 
with  those  of  th*  oooposlta  prepared  by  nixing  PZT 
and  polyoer  and  warn  die  pressing.  It  la  olear 
from  th*  tabl*  that  3jj  and  3L  values  of  th*  fired 
coopoalt*  are  higher  than  those  prepared  by  tb* 
r«gular_  nethod.  Espaolaliy  noteworthy  are 
the  3hgh  figure  of  merit  of  tb*  fired  oooposlta 
whloh  la  five  times  larger  than  th*  corresponding 
values  for  th*  composite  prepared  by  regular 
aethod.  It  should  be  noted  at  this  point  that  PZT 
la  not  an  Ideal  filler  material  for  0-3  ooopoaltes 


TEMFERATUAC  of  meat  TREATMENT  (*C) 


Figure  9.  Effect  of  firing  teoperatur*  on  §33  of 
fired  ooaposltaai  ooaparlaon  of  Corona 
dlaobarg*  and  conventional  poling 
methods. 
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for  hydrostatic  applications  (2J.  PZT  was 
salactad  for  tha  praaant  study  to  doaonstrate  tha 
advantages  of  tha  new  aatbod  to  prapara  0-3 
coapositas. 

Initial  work  on  preparing  firad  coapositas 
using  aora  suitabla  flllar  aatarial  such  as  PbTlOj 
powdar  is  vary  encouraging.  PbTlOj  powder 
prepared  by  co-preclpltatlon  method  and  ealcinad 
at  9O0*C  ware  used.  Tha  coapositas  ware  prepared 
by  tha  procedure  described  in  Section  2.  and  poled 
at  50Kv/ca  for  10  ain.  As  indicated  in  Table  1, 
gh  and  Jhg„  values  of  PbTiOj-polyaar  com¬ 
posite  are  70*  10-3 VaN-1  and  1750  *  10-15szN"1, 
raapactlvaly.  These  values  are  ouch  larger  than 
thoae  reported  on  PbTlOj-polyaer  coapositas  [7], 
Tha  intensity  of  002  and  200  x-ray  diffraction 
peaks  froa  tha  surface  of  tha  fired  PbTlOj-polyaer 
ooaposlta  ware  recorded  both  before  and  after 
poling  as  shown  m  Figure  t.  A  coaplete  reversal 
of  the  intensities  of  the  two  peaks  indicated 
alaoat  saturation  poling  in  chase  coapositas. 

0-3  coapositas  using  PZT  and  PT  as  filler 
aatarial  have  been  prepared  by  a  new  aethod.  We 
refer  to  these  coapoaltea  as  'Fired  Coapositas'. 
This  aethod  la  aiaple  and  oan  be  easily  adapted 
for  aaas  production.  Coapositas  with  loadings  in 
excess  of  70  Toll  plexoelectrlo  ceraalc  filler 
could  oe  prepared.  The  Jj,gh  flEu«*e  of  aerit  of 
fired  FZT-polyaer  coapoaltea  were  five  times 
larger  than  that  of  coapositas  prepared  oy  the 
regular  aethod.  In  fired  coapositas  with  PbTlOj 
filler  aatarial.  alaoat  saturation  poling  was 
of  these  composites  were  1750  x 
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TABU  1:  Dielectric  aid  Plesoeleotrlc  Properties 
of  Fired  Composites 


composite 

C 

tanA 

*33 

*h 

«h 

*h*h 

Vol* 

Filler 

PZT- 

Polyaer* 

100 

0.03 

45 

10 

10 

100 

70 

PZT- 

Polyaer** 

270 

0.04 

90 

35 

15 

525 

70 

PbTlOj- 

Polyaer** 

40 

0.05 

70 

25 

70 

1750 

70 

Figure  (.  002  and  200  X-ray  diffraction  peaks 

taken  on  surfaces  of  the  composite 
before  and  after  poling. 
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Aba  tract 

Poling  piezoelectric  ceramic-polymer 
coaposltes  with  0-3  connectivity  is  difficult 
because  to  the  high  dielectric  constant  of  most  of 
the  ferroelectric  filler  aaterials.  and  the  high 
resistivity  of  the  polyaer  matrix.  To  aid  in 
poling  this  type  of  coaposlte.  conductivity  of  the 
polyaer  phase  can  be  controlled  by  adding  saall 
amounts  of  a  semiconductor  phase  such  as 
germanium,  carbon  or  silicon.  In  this  study, 
flexible  piezoelectric  coaposltes  of  PbTlOj  powder 
and  Eccogel  polymer  were  developed  using  saall 
amounts  of  a  semiconducting  phase.  These 
coaposltes  poled  rapidly  at  low  voltages, 
resulting  in  properties  superior  to  composites 
prepared  without  a  conductive  phase.  The  effect 
of  addition  of  various  conduotlve  phases  with 
different  voluoa  percentages  on  the  dielectric  and 
piezoelectric  properties  of  the  composite  are 
discussed  here. 


1 .  Introduction 

A  hydrophone  is  an  underwater  microphone  or 
transducer  used  to  detect  underwater  sound.  The 
sensitivity  of  a  hydrophone  is  determined  by  the 
voltage  that  is  produced  by  a  hydrostatic  pressure 
wave.  The  hydroatatlc  voltage  coefficient  gb 
relates  the  electric  field  appearing  across  a 
transducer  to  the  applied  hydrostatic  stress,  and 
is  therefore  a  useful  parameter  for  evaluating 
piezoelectric  aaterials  for  use  in  hydrophones. 
Another  piezoelectric  coefficient  frequently  used 
is  the  hydrostatic  strain  coefficient  db  which 
describes  the  polarization  resulting  from 
hydrostatic  stress.  The  gb  coefficient  is  related 
to  the  db  coefficient  by  the  relation.  gb  ■ 
dh/ iqE  where  «0  is  the  permittivity  of  rree  space 
and  K  is  the  relative  permittivity  of  the 
material. 


A  summary  can  be  found  in  references  [11. 

The  simplest  type  of  piezoelectric  coaposlte 
consists  of  a  polymer  matrix  loaded  with  ceramic 
powder.  In  this  type  of  coapoalte.  the  particles 
are  not  in  contact  with  each  other  and  the  polymer 
phase  is  self  connected  in  all  three  dimensions, 
the  so-called  0-3  connectivity  [2).  In  many  ways 
the  0-3  composites  are  similar  to  polyvlnylldene 
fluoride  tPVF2“<CH2-CF2>n].  Both  consist  of  a 
crystalline  phase  embedded  in  an  amorphous  matrix 
and  both. are  reasonably  flexible. 

Early  attempts  to  fabricate  flexible 
composites  of  piezoelectric  ceraalc  particles  and 
polymers  yyre  made  by  Eitayaaa  [3].  Pauer  [4].  and 
Harrlsa&j{S].  The  tj3  of  theae  coapoaltea  were 
c sparable  with  PVDF.  but  the  3b  value  was  lower 
than  those  of  solid  PZT  and  PVDF  polymer. 

0-3  coaposltes  with  Improved  properties  have 
been  prepared  by  Banno  at  al.  by  using  pure  PbTlOj 
powder  as  a  filler  material  Instead  of  PZT  [6], 
To  fabricate  coapoalte  the  piezoelectric  powders 
and  chloroprene  rubber  were  mixed  and  rollsd  into 
0.3am  thick  sheets  at  40*C  using  a  hot  roller,  and 
then  heated  at  190*C  for  20  minutes  under  a 
pressure  of  13  kg/ca2.  The  coaposltes  were  poled 
at  60*C  in  silicone  oil  in  a  field  of  100  kV/ca 
field  for  1  hour. 

One  difficulty  with  this  type  of  coaposlte  is 
that  the  piezoelectric  particles  are  smaller  in 
diameter  than  the  thickness  of  the  coaposlte.  For 
fine-grain  piezoelectric  powder  in  a  polymer 
matrix,  very  large  poling  fields  are  needed  to 
achieve  sufficient  poling  [6].  The  reason  for  the 
large  fields  required  for  poling  will  be  made 
clear  from  the  following  discussion. 

For  a  0-3  coaposlte  consisting  of  spherical 
grains  embedded  in  a  matrix,  the  electric  field 
Ej,  acting  on  an  Isolated  spherical  grain  is  given 
by: 


A  useful  ‘figure  of  merit'  for  hydrophone 
materials  is  the  product  of  hydrostatic  strain 
coefficient  dband  hydrostatic  voltage  coefficient 
gb.  The  product  dbgb  has  the  units  of  a2N  . 


Over  the  past  few  years  several  Investigators 
have  examined  piezoelectric  ceraaic-polyaer 
composites  with  different  connectivity  patterns. 


: wmmMmsmsPM 


E1  -  -  Eo 

Kl+»2 


In  this  equation.  Kj  and  E}  ar*  dielectric 
constants  of  the  spherical  piezoelectric  grains 
and  the  polymer  matrix,  respectively,  and  E0  is  an 
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previously  [<]. 


externml ly  applied  electric  field.  For  a  0-3 
composite  of  PZT  powder  and  polymer.  K j  is  about 
2000  and  S2  about  3.  In  such  a  composite  with  an 
external  field  of  100  k7/cm.  the  electric  field 
acting  on  the  piezoelectric  particles  is  only 
about  1  k7/cm  which  is  insufficient  to  pole  the 
composite.  According  to  the  above  equation  E2  - 
Ep  only  when  the  dielectric  constant  of  the 
piezoelectric  phase  approaches  that  cf  the  polymer 
phase.  Host  of  the  ferroelectric  materials  have 
very  high  dielectric  constants  and  hence  the  above 
condition  cannot  be  satisfied. 

The  importance  of  conductivity  to  poling  can 
be  assessed  by  applying  Haxwel  1 -Vagner  model  [71 
to  the  0-3  composites.  A  0-3  composite  with 
alternating  piezoelectric  ceramic  grains  ar.d  thin 
layers  of  polymer  between  the  two  electrodes  can 
be  approximated  to  a  2-layer  Maxwel  1 -Wagner  model. 
The  dielectric  permittivity,  conductivity  and 
effective  thickness  of  the  ceramic  and  polymer  are 
(K^  jj,  and  d  ^ )  and  (K2,  a-,,  and  d2). 

respectively. 

When  a  DC  voltage  is  suddenly  applied,  the 
initial  field  distribution  corresponds  to 
electrostatic  requirement  of  constant  flux  density 
(D.  -  D2).  In  this  condition,  the  ratio  of  the 
voltage  V2  on  the  phase  1  (ceramic)  to  the  applied 
voltage  V  is  given  by 


7  1 

-1  -  _ 


This  ratio  is  small  because  K2  (piezoelectric 
ceramic)  is  usually  much  larger  than  K2  (polymer). 

When  a  DC  poling  voltage  is  applied  for  a 
period  longer  than  the  relaxation  time,  the 
voltage  ratio  is  given  by 


«2d2 


This  ratio  is  small  unless  «2  >  e2  or  d2  <<  d2. 

One  way  to  aid  poling  is  to  raise  the 
conductivity  of  the  polymer  matrix.  This  can  be 
achieved  by  adding  a  small  amount  of  a  conductive 
third  phase  to  the  polymer  composite.  Addition  of 
a  conductive  phase  to  the  composite  may  create  a 
continuous  electric  flux  path  between  PZT 
particles.  This  in  turn  increases  the  field  on 
the  high  K  ferroelectric  filler,  making  poling 
easier. 

The  effect  of  small  additions  of  carbon 
germanium  or  silicon  on  ease  of  poling  PZT-polymer 
composite  was  studied  by  us  earlier  [8).  It  was 
observed  that  a  duration  of  five  minutes  is 
sufficient  for  poling  of  the  composites.  This  was 
a  substantial  improvement  compared  to  poling 
conditions  of  100  k7/cm  for  one  hour  used 


In  the  present  study  flexible  piezoelectric 
composite  of  PbTiOj  powder  and  Eccogel  polymer 
were  developed  using  small  amount  of  germanium, 
carbon  or  silicon.  These  composites  can  be  poled 
very  quickly  at  shorter  time.  The  effect  of 
addition  of  various  conductive  phases  with 
different  volume  percent  on  dielectric  and 
piezoelectric  properties  of  composite  are  reported 
in  this  paper. 

2.  Sample  Preparation 

PbTiOj  powder  obtained  from  Ferro  Corporation 
(Independence.  Ohio)  and  Eccogel  polymer  (an  epoxy 
obtained  from  Emerson  and  Cuming)  were  used  as 
piezoelectric  filler  and  matrix  respectively.  The 
third  semiconductor  phase  1s  fine-grained  carbon, 
germanium  or  silicon  (Alpha  Product).  To  prepare 
the  composites.  PbTiOj  was  mixed  with  one  of  the 
semiconductor  phases  and  dry  ball-milled  for  two 
hours.  The  polymer  matrix  was  then  added  to  the 
particulate  phases  and  mixed  by  hand  with  a 
spatula.  The  mixture  was  then  placed  in  a  mold 
and  the  composite  formed  under  a  pressure  of  7300 
PSI  (SOHPa).  After  curing,  the  composite  was 
polished  lightly  to  ensure  that  the  faces  of  the 
composite  were  parallel.  Electrodes  of  air-dried 
silver  paste  (Materials  for  Eleotronics.  Inc.. 
Jamaica.  New  Zork)  were  applied  to  the  surfaces  of 
the  composite.  The  samples  were  poled  at  100*C  in 
a  stirred  oil  bath.  The  effect  of  the  magnitude 
of  the  poling  field  and  its  duration  on  the 
piezoelectric  coefficients  will  be  discussed 
later. 

3.  Measurements 

The  capacitance  and  dissipation  factor  were 
measured  at  1  kHz  using  a  Hewlett-Packard  4270A 
Multi-Frequency  ICR  Meter.  The  aj3  coefficient 
was  measured  using  a  Serllneourt  Piezo  dJ3-meter. 

The  coefficient  was  determined  using  the 
dynamic  A.C.  technique.  An  electromagnetic  driver 
was  used  as  an  A.C.  stress  generator  to  apply 
pressure  waves  to  the  sample  and  a  PZT  standard, 
which  were  kept  under  a  static  pressure  from  the 
hydraulic  press.  The  charge  produced  by  the 
sample  and  standard  were  buffered  with  an 
impedance  converter,  and  the  voltages  produced 
were  measured  on  a  Hewlett-Packard  3J85A  Spectrum 
Analyzer.  The  ratio  of  the  voltages  is 
proportional  to  the  Jh  coefficients.  Accounting 
for  the  area  of  the  sample  and  PZT  standard,  the 
djj  coefficient  of  the  sample  was  calculated. 
Using  the  measured  values  of  3h.  the  hydrostatic 
piezoelectric  coefficient  g^,  was  calculated  from 
the  relation.  g„  •  3h/«0K. 

The  electrical  resistivity  of  the  composites 
was  measured  at  the  poling  temperature  using  a 
Keltbly  electrometer  Model  $18. 

4.  Results  and  Dlnoumnlon 

Figure  1  shows  the  electrical  resistivities 
of  the  germanium-polymer,  carbon-polymer  ana 
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10®  PbTiOj-C- Polymer  Composite 
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io7  Gormontum- Polymer  Composite 
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10*  L«m—  Carbon-Polymer  Composite. 

flgur*  1*  Resistivity  of  tbe  Eccogel  polyaer 
(1363-0)  end  several  different 
composites  measured  at  the  poling 
temperature. 


Table  1.  Dielectric  and  Piezoelectric  Properltes 
of  PbTlOj-Polymer*  Composites  with 
Various  Conductive  Phase  Additions 


Composites 

tan  4 

*33 

a33 

ih 

3h 

«hah 

PbTiOj(73)** 
polymer  (23) 

0.06 

S3 

24 

21 

10 

210 

PbTi03(66)-Ce(4)- 
polymer  (30) 

O.OS 

60 

34 

44 

24 

1036 

PbT103(73)-C(2) 
polymer  (23) 

0.11 

63 

27 

31 

17 

327 

PbTiOj (73 . 3) 

-Si (1.3)  polymer 
(23) 

0.09 

30 

33 

33 

15 

495 

PbTlOj-polymer  coaposltes  with  and  without 
conductive  phases  all  aeasured  at  the  poling 
teeperature  (100*0.  The  resistivity  of  the 
Eccogel  polyaer  decreased  by  an  order  of  magnitude 
when  a  small  amount  of  carbon  or  germanium  was 
added.  The  resistivity  of  the  PbTiOj-polyaer 
composite  with  carbon  or  germanium  also  decreased, 
as  expected. 

The  intensity  ratios  of  the  OOl/hOO  x-ray 
diffraction  peaks  from  the  surface  of  the 
composite  was  monitored  both  before  and  after 
poling  (Fig.  2)  in  order  to  detect  tbe  possible 
contribution  of  domain  reorientation  on  poling.  A 
complete  reversal  of  the  intensities  of  the  001 
and  100  peaks  with  a  slight  change  in  the 
intensity  ratio  of  002  and  200  peak  were  observed 
for  germanium  additive  composites.  This  indicates 
the  degree  of  polarization  has  not  been  fully 
achieved. 

Table  1  summarizes  the  results  of  the 
dielectric  and  piezoelectric  measurements  on  the 
PbTlOj-po lymer  composites  with  different 
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AFTER  POLING 


Figure  2.  Intensity  of  the  001  and  hOO  x-ray 
diffraction  peaks  from  the  surface  of 
the  composite  before  and  after  poling. 


*Polymer:  Eccogel  (1363-0) 

••(  ):  Volume  percent  of  ceramic,  polymer  or 
semiconductlve  Chase 

units:  3j3i  3h-pCH_1;  gh-10-3VmH  ,  gh3h-10is  m2!!-1 

conductive  phase  additives.  The  corresponding 
values  for  PbT103-polymer  composite  without  a 
conductive  phase  additives  are  also  listed  for 
comparison. 

The  tangent  £  and  dielectric  constant  of  the 
composites  with  and  without  conductive  phase  are 
similar  but  the  33J.  gh  ant  3^  coefficients  of  the 
composites  with  germanium,  carbon  or  silicon  are 
higher  than  those  of  composite  without  conductive 
phase.  Especially  noteworthy  are  the  gh  and  gh3b 
values  of  PbT103~polymer  of  composites  prepared 
with  germanium.  It  is  found  that  In  PbT103 
composites,  the  poling  result  of  the  composite 
with  germanium  additives  were  better  than  other 
semiconductlve  additives. 

The  change  in  333  coefficient  Is  plotted  in 
Figure  3  as  a  function  of  the  poling  voltage  for  a 
composite  containing  66  vol%  PbT103>  4  vol% 
germanium  and  30vol«  Eccogel  1363-0.  All  the 


Figure  3.  Variation  of  piezoelectric  3 
coefficient  of  FbT103-Gersanium  Eccoge 
composite  with  poling  field. 
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composites  war*  poled  at  100*C  for  different 
tinea.  3j3  increases  with  Increasing  politic 
voltage  and  aaturata  at  about  45  EV/ca.  It  la 
observed  that  a  duration  of  tan  alnutes  la 
aufflclent  for  pollnc  of  tha  composites. 

Plguraa  4  and  3  show  tba  variation  of 
dielectric  conatant,  loaa  tangent.  333.  gb,  3b  and 
*ha  b  coafflclanta  with  volusa  percent  germanium 
In  the  PbTlOj-Eccogel  coapoaltea.  Dielectric 
conatant  and  loaa  tangent  increaae  a  1  owl y  with 
lncreaaea  of  voluae  percent  of  germanium.  333.  3b 
and  gb  coafflclanta  Increaae  with  lncraaalng  in 
geraanlua  content  and  ahow  a  aazlaua  at  about  4 
voluae  percent.  When  the  aacunt  of  the  geraanlua 
In  the  coapoalta  exceeds  4  vol%.  the  loaa  tangent 
ralaea  Baking  it  difficult  to  apply  the  large 
voltagea  required  for  poling.  The  3bgb  product 
for  the  coapoaltea  with  4  vol*  geraanlua  la  about 
1090  (10-15  a:/N)  which  la  five  tlaea  larger  than 
that  of  coapoalta  without  geraanlua. 


Pleura  4.  The  change  In  the  dielectric  conatant 
and  dlaalpatlon  factor  with  Voluae 
percent  of  geraanlua  In  PbTlOj-polyaer 
coapoalta. 


PbT103~Eccogel  piezoelectric  0-3  coapoaltea 
have  been  poled  rapidly  by  adding  a  second  phase 
filler  such  aa  geraanlua.  A  saall  aaount  of 
geraanlua  decreases  the  resistivity  of  Eccogel 
polyaer  aatrlz  and  reduces  the  poling  field  to  45 
kV/ca.  Only  ten  ainutes  are  required  for  poling 
these  coapoaltea.  This  is  a  big  laproveaent  over 
noraal  poling  condition^  (100  kV/ca.  1  hour).  The 
hydrostatic  voltage  coefficient  gb  and  figure  of 
aerlt  gb3b  of  PbTK^-geraanlum-Eccogel  coapoaltea 
are  two  and  five  tiaes  larger  than  those  of 
coapoaltea  without  geraanlua  additives. 
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ABSTRACT 

Miniaturized  piezoeleccric  devices  can  be 
fabricated  from  wafers  of  lead  zirconate  citanate 
(PZT)  using  techniques  developed  by  the 
semiconductor  industry  for  the  production  of 
integrated  circuitry.  Patterns  generated  in  a 
polymeric  photoresist  are  transferred  to  the 
surface  of  the  suDstrate  by  selective  chemical 
etching  of  the  ceramic.  In  tnis  fasnion,  complex 
device  geometries  can  be  obtained  with  relative 
ease. 

The  behavior  of  PZT  in  several  acidic 
solutions  was  examined  in  an  attempt  to  derive  an 
etchant  suitable  for  microfabrication.  Concentrated 
HF,  HC1 ,  H2SO4,  HN03,  H3P0k,  and  aqua  regia  were 
investigated,  and  it  was  found  that  hydrochloric 
acid  combined  a  high  etching  rate  and  a 
compatab i 1 1 ty  with  commercially  available 
photoresists.  Powdery  residues  found  on  the 
surface  of  the  wafers  after  etching  with  HCl  were 
identified  by  x-ray  diffraction  as  pure  PZT, 
suggesting  that  the  acid  dissolves  around  gram 
boundaries,  freeing  grains  rather  chan  etching 
through  them.  This  was  confirmed  by  scanning 
electron  microscopy.  Althougn  tnis  limits  the 
minimum  feature  size,  it  also  eliminates  many  of 
the  restrictions  on  device  geometry  due  to  the  use 
of  isotropic  etchants. 


INTRODUCTION 


The  technology  necessary  for  the  production  of 
miniaturized  devices  has  been  developed  for  and  is 
universally  exploited  by  the  semiconductor  industry 
in  the  production  of  Integrated  circuitry. 
Although  many  other  fields  could  benefit  from  the 
ability  to  microfabricate  components,  little  worn 
has  been,  done  to  transfer  the  available  knowledge 
to  other  systems.  This  study,  then,  was  in  large 
part  designed  to  determine  if  the  photolithographic 
process  could  be  adapted  to  ceramic  materials. 
Lead  zirconate  titanate  (PZT)  was  chosen  since 
miniaturized  piezoelectric  devices  could  be 
employed  as  frequency  generators  or  accelerometers. 

TECHNIQUE 


Nearly  all  microprocessing  techniques  involve 
the  selective  removal  of  material.  In  order  to 
accomplish  this,  a  two  step  process  .3  employed 


wnerein  a  pattern  masking  portions  of  tne  surface 
is  first  delineated  so  that  unprotected  areas  can 
then  be  etched  away.  [')  The  process,  pictured  in 
Figure  1,  is  thus  largely  analogous  to  tr.e 
production  of  pictures  by  the  printing  piace 
netnod . 

Replication  of  a  desired  pattern,  or 
lithography,  by  conventional  methods  necessitates 
the  use  of  an  energy  sensitive  barrier,  called  a 
resist,  and  an  activating  light  source.  Most 
commonly,  this  procedure  entails  coating  a 
substrate  with  a  uniform  layer  of  photosensitive 
material  and  projecting  a  lignt  tr.rougn  film 
patterned  with  a  design.  Upon  exposure  to  lignt, 
the  photoresist  undergoes  a  chemical  reaction  in 
whicn  either  exposed  or  unexposed  regions 
(corresponding  to  negative  and  positive  resists, 
respectively)  are  rendered  Insoluble  in  developing 
solution.  Thus,  on  developing,  a  pattern 
duplicating  the  original  film  is  generated. 

Once  tne  pattern  has  been  delineated  in  the 
resist,  the  design  must  somehow  be  engraved  into 
tne  substrate.  Mcst  frequently,  this  is 
accomplished  using  wet  chemical  etching. 


Exposure : 


photomask 

photoresist 

substrate 

(PZT) 


Development : 


Final  Device: 


Fig.  1  Photolithography  process 
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DESIGN  OF  THE  STUDY 


In  order  to  implement  chemical  etching  it  is 
necessary  to  find  a  reagent  which  readily  dissolves 
the  substrate  while  leaving  the  patterned  resist 
intact.  That  was  the  first  goal  of  this  study. 

To  test  the  validity  of  this  processing 
technique,  a  piezoelectric  resonator  was  designed. 
If  the  cantilever  structure  of  Figure  2  is 
electroded  as  shown  in  Figure  3.  a  wagging  mode  can 
he  established  in  which  individual  cantilevers 
vibrate  in  a  horizontal  plane.  Each  cantilever  is 
paired  with  one  of  a  matched  length  so  mat  wnen 
the  distance  between  the  two  is  sman.  tneir 
motions  interact.  In  this  way,  wnen  me  two 
cantilevers  are  either  exactly  in  pnase  or  ',30° 
out  of  phase,  the  conditions  for  resonance  or 
anti-resonance  are  fulfilled.  This  in  turn  narrows 
the  width  of  the  resonance  frequency  peak,  leading 
to  a  higher  mechanical  Q.  A  design  symmetric  about 
a  center  bar  is  mandated  so  that  the  condition  for 
clamping  is  met  at  the  fixed  end  of  each 
cantilever.  The  resonant  frequency  can  tnen  be 
calculated  Croat 


f  a  resonance  frequency 
8  a  constant 
T  s  thickness 
1  a  cantilever  length 
p  a  density 

Such  a  device  could  potentially  serve  as  a 
frequency  generator,  a  filter,  or  an  accelerometer. 


EXPERIMENTAL  PROCEDURE 


Samples  for  the  etching  studies  were  prepared 
by  layering  30  2.8  mil  tape  cast  sheets  (prepared 
by  TAM  Ceramics  Inc.  from  a  PZT  501  powder)  carrier 
side  down  and  laminating  in  a  warm  press  at 
65°C  and  15,000  psi  for  one  minute.  Following 
a  five  day  binder  burnout  cycle  at  500°C,  the 
samples  were  fired  with  a  four  nour  ramp  to 
1285°C,  a  one  hour  soak,  and  a  siow  cooling 
rate.  Any  roughened  or  irregular  edges  were 
smoothed  by  polishing  with  a  coarse  powder. 

Before  the  etching  studies  were  carried  out, 
each  sample  was  immersed  in  concentrated  HCi  at 
**5°C  for  5  minutes  both  to  clean  tne  surface 
and  to  remove  damaged  areas.  Sampie  dimensions 
were  determined  with  micrometers  so  that  nominal 
surface  areas  and  densities  could  be  ca,culated. 

The  etching  process  was  carried  out  oy  holding 
the  specimen  in  acid  for  60  seconds  with  j  pair  of 
plastic  tweezers.  After  the  allotted  time  nad 
elapsed,  the  sampie  was  immediate,,  -ashed  to 
remove  any  remaining  acid.  The  specimen  was  then 
cleaned  uitrasonically ,  dried  under  *  stream  of 
forced  air,  and  weighed  to  the  nearesc  0.0002g. 
This  was  repeated  until  a  constant  3lope  of 
cumulative  mass  loss  per  surface  area  /ersus  time 
was  observed.  In  all  cases,  tne  s-rface  area 
occluded  by  the  tweezers  was  considered  negligible. 


The  temperature  was  maintained  at  a  constant  value 
within  i  0  .  5  0  C  in  a  water  batn. 

Samples  for  tne  microfaor icat ion  studies  were 
prepared  either  in  a  manner  simnar  to  tnose  for 
etching,  or  as  disks  by  dry  pressing.  After 
sintering,  the  samples  were  polished  to  tne 

desired  tmcxness  using  a  senes  of  alumina 
powders.  Once  polisned,  samples  were  poled  in  an 
oil  bath  at  1 10°C  by  subjecting  tnem  to  a  field 

intensity  of  20kV  per  cm  for  12  minutes,  cleaned 

uitrasonically,  and  dried  under  flowing  air. 

Prior  to  applying  the  photoresist,  Shipiey 
Microposit  1470,  the  samples  were  spun  on  an 
Integrated  Technologies  P-6000  Spin  Coater  at 
4000rpm  for  20  seconds  to  remove  dust.  Then, 

working  under  yellow  lights,  enough  photoresist  was 
placed  on  the  disk  to  cover  two  thirds  of  tne 
surface  and  the  spin  cycle  was  repeated.  The 
second  face  was  coated  in  a  similar  fasmon  Ail 
samples  were  then  placed  in  a  Hgnt  tight  container 
and  baked  for  20  minutes  at  80°C.  The  dries 
photoresist  was  exposed  by  holding  tne  sample  under 
a  matrix  of  four  white  iight  sources  (two  3G0W,  two 
375W  bulbs  arranged  in  a  square  suen  tnat  tne 
distance  between  sample  and  sources  was 
approximately  2  feet.)  for  5  minutes. 

Photomasks  for  the  process  were  manufactured 
by  generating  an  enlarged  negative  image  of  tne 
pattern  with  a  laser  printer  and  photographing  the 
resultant  with  Kodak  Technipan  film.  The  film  was 
developed  with  Kodak  D- 1 9  Developer  in  order  to 
achieve  maximum  contrast.  These  photomasks  were 
then  placed  on  the  resist  coated  wafer  and  held  in 
place  with  a  glass  flat  during  exposure. 

After  exposure,  the  wafers  were  developed 
in  Shipley  Microposit  Developer  MF-312  Tor  1  1  2 
minutes  witn  light  agitation,  so  that  exposed  areas 
were  removed.  They  were  then  post-baked  for  20 
minutes  at  80°C  to  further  harden  the  remaining 
resist. 

Once  this  had  been  accomplished,  the  disks 
were  placed  in  a  bath  of  warm  concentrated  HCI. 
Because  one  side  of  the  disk  was  fully  coated  with 
the  resist,  etching  took  place  solely  through  tne 
areas  exposed  by  developing.  The  solution  was 
stirred  ligntly  in  order  to  continuously  present 
fresh  acid  to  the  disk  surface.  Intermittently, 
the  wafer  was  pulled  from  the  acid  and  sprayed  witn 
deionized  water  to  dislodge  aonerent  grains. 
Pmnoles  in  the  disk  began  to  appear  after 
approximately  one  hour  of  etching,  and  individual 
cantilevers  were  completely  freed  inside  of  naif  an 
hour  thereafter. 

Completion  of  the  etching  of  larger  channels 
was  marked  by  a  tearing  of  the  unpatterned 
pnotoresist  film.  After  etching,  tne  remaining 
resist  was  removed  with  a  spray  of  acetone. 

Electrodes  were  hand  painted  onto  the  device 
surface  using  a  suspension  of  silver  particles. 
One  side  of  tne  device  was  fully  electroded;  on  the 
other,  each  cantilever  was  patterned  with  a  split 
electrode.  Electrical  connections  were  mace  as 
snown  in  Figure  3. 

Resonant  frequency  data  w ere  collected  using  a 
Hewlett  Packard  4 1 9  2  A  LF  Impedance  Anaiyzer. 
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Flg.  2  Resonator  design 


RESULTS  AND  DISCUSSION 


Preliminary  data  on  the  etching  of  PZT  in 
various  acids  is  presented  in  Taole  1. 
Concentrated  HC1  uas  found  to  possess  a 
comparatively  rapid  etching  rate  for  the  P2T 
substrate  while  leaving  the  photoresist  largely 
untouched,  and  so  was  chosen  for  further  study. 
More  accurate  values  for  the  etching  rate  of  PZT 
in  HC1  are  presented  in  Table  2. 


Table  1:  Preliminary  Data  for  Etching  of  PZT 


Acid 

Temperature 

Etching  rate 

(°C) 

(gxcm",xmin*‘ ) 

H3PO4 

45-48 

2x10*^ 

HNO3 

43-45 

9x10*5 

4x10*5 

HC1 

42-48 

H2S04 

42-48 

3* 1 0*4 

0.5H3PO4- 

0.SHC1 

49-50 

3x  1 0*4 

O.25H3PO4- 

0.75HC1 

49-51 

4x10*4 

Table  2:  Etching  of  PZT  in 

HCl 

Temp. 

Etching  Rate 

Etching  rate 

(°C) 

( gxcm*,xmin* 1 

)  (micronsxmin* 1 

30t0 .5 

2.1x10*3 

3.5x10-3 

1  .4 

45*0.5 

2.3 

60*0.5 

4.7x10*3 

3.0 

In  all  cases 

contact  with 

HCl  resulted  m 

formation  of  a  whitish  powder  on 

1  the  surface  of  1 

laminate,  so  that 

thorough  ultrasonic  cleaning  1 

necessary  to  remove  it  from  small  crevices.  X-i 
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AC  Voltage  Source 
Fig.  3  Electrode  Pattern  for  Resonator 


diffraction  Identified  the  powder  as  pure  PZT, 
suggesting  that  HC1  etches  by  dissolving  around  the 
grains,  freeing  them  rather  than  etching  through 
them.  Further  support  for  this  hypothesis  is 

offered  by  SEN  micrographs  of  etched  disks,  which 
evince  angular  surfaces  composed  of  whole  grains 
and  negligible  rounding  of  individual  grain  apices. 
Although  this  does  limit  the  minimum  feature  size 
to  some  small  multiple  of  the  grain  size,  it  does 
permit  a  wider  range  of  geometries  to  be  accessed 
than  would  most  etchants.  Normally,  with  an 
Isotropic  etchant,  any  trench  will  be  at  least 

twice  as  wide  as  it  is  deep.  Indeed,  Brodle  and 

Huray  [1]  suggest  that  any  film  to  be  etched 

through  should  be  patterned  with  features  no 
smaller  than  three  times  the  film  thickness.  By 

using  a  grain  boundary  specific  etchant,  however, 
much  better  aspect  ratios  (depth  of  trench  over 
width  of  opening)  have  been  achieved.  For 
Instance,  the  separation  between  matched 
cantilevers  In  the  resonator  design  Is  0.3mm,  only 
1  1/2  times  the  thickness  of  the  sample.  There  is 
no  reason  to  believe,  at  present,  that  even  higher 
aspect  ratios  cannot  be  obtained. 

A  completely  etched  resonator  Is  pictured  in 
Figure  4.  As  can  be  seen,  the  reproduction  of  the 

patterned  photomask  is  faithful,  and  Indeed,  any 

imperfections  in  the  geometry  are  attributable  to 
flaws  (scratches  or  trapped  dust  particles)  in  the 
photoresist.  Although  the  finest  feature  size 
demanded  for  this  application  was  0.3mm,  the 

technique  Is  capable  of  much  better  resolution 
(circa  1-7  microns  with  a  collimated  UV  light 
source)  (3]-(5l  and  in  more  recent  work  trenches 
with  linewidths  of  approximately  O.imm  have  been 
obtained.  It  is  hoped  tnat  eventually  features 
with  dimensions  of  2  to  $  times  the  grain  size  will 
be  passible. 

Measurements  of  conductance,  capacitance, 
admittance,  and  phase  angle  versus  frequency  were 
made  for  the  resonator  and  it  was  found  that 
resonant  frequency  peaks  were  both  narrow  and 

easily  distinguished  from  background  readings.  For 
the  smallest  set  of  cantilevers  pictured  in  Figure 
4,  resonance  occured  at  76.6  kHz  and  anti -resonance 
at  77.3  kHz ,  giving  a  mechanical  Qs36.5  and  a 
coupling  coefficientsO. 134.  It  is  hoped  that  by 
further  decreasing  the  distance  between  cantilevers 
of  matched  length,  Q  will  increase  further. 
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CONCLUSIONS 


As  can  be  aeen  from  this  paper,  tne  coupling 
of  photolithography  with  chemical  etcnmg  is  a 
viable  proceaalng  technique  for  ceramic  mater iala. 
The  method  la  readily  adapt*  to  a  variety  of  two 
dimenaional  patterna  and  la  particularly  suited  to 
small  feature  sizes.  Devices  fabricated  by  this 
technique  would  be  difficult,  and  perhaps 
impossible,  to  replicate  by  any  conventional 
processes.  The  use  of  grain  boundary  specific 
etchants  further  broadens  the  range  of  potential 
geometries  by  permitting  much  higher  aspect  ratios 
to  be  attained. 
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ABSTRACT 


Surface  acoustic  wave  (SAW)  properties  of 
piezoelectric  glass-ceramics  based  on  fresnoite 
(Ba,S1,Ti0,)  are  examined  in  this  paoer.  Fra s- 
noite-based  formulations  are  prepared  initially  in 
the  glass  form,  then  thermally  processed  to  pro¬ 
duce  glass-ceramics  having  a  well -oriented  fibrous 
grain  structure  at  the  surface;  this  surface  re¬ 
gion  is  piezoelectric  owing  to  the  fact  that  the 
surface  region  has  polar  as  well  as  crystallo¬ 
graphic  orientation.  This  class  of  materials  can 
therefore  serve  as  SAW  substrates. 


Because  the  composition  of  this  glass-ceramic 
system  can  be  varied  over  wide  ranges,  it  is  pos¬ 
sible  to  modify  the  piezoelectric  phase  and/or  to 
use  a  composite  approach  to  tailor  SAW  properties 
for  specific  applications.  In  this  paper,  we  show 
that  addition  of  excess  titania  as  well  as  silica 
to  the  fresnoite  glass-ceramic  system  yields  SAW 
coupling  coefficients  approaching  1.2%  combined 
with  exceptionally  low  temperature  coefficients  of 
resonance  over  a  wide  temperature  range. 


INTRODUCTION 


A  number  of  piezoelectric  materials  have  been  de¬ 
veloped  for  surface  acoustic  wave  (SAW)  devices 
over  the  past  twenty  yeai  s.  Desirable  materials 
properties  for  application  to  SAW  include 


•  Low  temperature  coefficient  of  reso¬ 
nance  (TCR) 

•  SAW  electromechanical  coupling  coeffi¬ 
cient  (k1)  matched  to  bandwidth  re¬ 
quirement 

•  Low  attenuation,  consistent  material 
quality,  etc. 


An  undesirable  tradeoff  between  coupling  coeffi¬ 
cient  and  temperature  coefficient  exists  for  most 
of  the  widely  used  SAW  materials,  for  example, 
ST-quartz  exhibits  near-zero  TCR  but  has  weak 
coupling.  Lithium  niobate,  with  a  hign  coupling 
coefficient  needed  for  large  bandwidth  applica¬ 
tions,  has  a  large  TCR  value  of  -72  ppm/'C  for  the 
popular  128*  YX  cut.  Lithium  tantalate,  the  most 
widely  used  medium-coupling  SAW  substrate  mater¬ 
ial,  also  has  a  relatively  large  TCR  value  of  -35 
ppm/’C.  Therefore,  there  is  a  need  for  medium  to 
large  coupling  materials  with  low  TCRs. 
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A  number  of  attempts  have  been  made  to  employ  con¬ 
ventionally  processed  piezoelectric  ceramics  as 
SAW  substrates,  but  attenuation  is  generally  hign 
in  ceramics.  The  most  promising  attempt  to  uti¬ 
lize  ceramics  as  SAW  substrates  has  been  the  wore 
of  the  Hitachi  group(l-3),  which  has  prepared  mod¬ 
ified  lead  titanate  ceramics  with  near-zero  TCR 
and  low  propagation  losses. 


Recently,  a  new  technique  for  preparing  glass-ce¬ 
ramics  with  oriented  crystallites  has  been  de- 
seribed(4-6).  In  this  technique,  glasses  are  re¬ 
crystal  Hzed  such  that  the  resulting  glass-ceram¬ 
ics  have  both  crystallographic  and  polar  orienta¬ 
tion.  Glass-ceramic  pyroelectric  detectors  and 
piezoelectric  resonators  have  been  demonstrated. 
Two  of  the  advantages  of  this  processing  route  to 
piezoelectric  -iterials  are  Its  potentially  low 
processing  cost  nd  the  freedom  to  adjust  composi¬ 
tion  and  recrys'.illlzation  conditions  to  optimize 
specific  propertes.  Studies  to  optimize  pyroe- 
I ec  t i c ( 7 )  and  oulk  piezoelectric(6)  properties 
have  already  bee*  carried  out. 


Fresnoite  (BajTiSiiO,)  is  a  polar  but  nonferroe- 
lectric  material  with  tetragonal  (P4bm)  structure. 
Its  single-crystal  SAW  properties  have  been  char- 
acterized(8.9);  for  Z-cut  X-propagating  Fresnoite. 
k1  is  1.6%,  while  the  TCR  is  -50  ppm/’C.  Ito,  et. 
a  1  .(10,11),  showed  that  the  TCR  magnitude  could  be 
reduced  to  *-20  ppm/’C  by  partial  substitution  of 
Sr  for  8a. 


Recently,  Lee,  et.  al.(L2),  showed  that  fresnoite 
glass-ceramic  could  be  prepared  with  SAW  proper¬ 
ties  comparable  to  those  of  the  Z-cut  single  crys¬ 
tal.  They  reported  k**l.l%  and  TCR*-60  ppm/’C. 
They  speculated  that  the  TCR  magnitude  might  be 
reduced  by  Sr  doping  by  analogy  to  single-crystal 
resul ts. 


In  this  paper,  we  report  the  results  of  an  inves¬ 
tigation  of  compositional  variation  of  fresnoite- 
base  glass-ceramics  on  their  SAW  properties.  This 
report  focuses  on  the  glass  composition 
2.08aO-0.15CaO-xTiOj-2.9SiO,,  with  «  varied  from 
0.3  to  1.2.  We  observe  s  remarkable  variation  in 
depth  of  oriented  crystallinity,  coupling  constant 
kJ,  and  temperature  coefficient  of  resonance. 
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EXPERIMENTAL 

The  glass-ceramic  samp  la  preparation  was  identical 
to  that  reported  by  Lm.,  at.  a  1 . ( 12}  For  all  of 
tha  samples  reported  here,  crystallization  was 
carried  out  by  raising  the  temperature  from  room 
temperature  to  500*C  at  100*C/hr,  holding  at  this 
annealing  temperature  for  1  hr,  then  raising  the 
temperature  at  225*C/hr  to  950*C,  holding  at  this 
crystallization  temperature  for  2  hrs.  Samples 
were  investigated  by  x-ray  diffraction  both  in 
glass-ceramic  form  for  textural  analysis,  and  pow¬ 
der  form  for  phase  identification.  All  x-ray  pow¬ 
der  pattern  lines  could  be  indexed  as  fresnoite 
lines,  except  for  a  few  very  weak  lines  observed 
for  x*0.9  (titania-deficient).  The  lattice  plane 
spacings  observed  for  all  of  the  glass-ceramic 
samples  agreed  to  four  decimal  places  with  those 
measured  for  a  powdered  single  fresnoite  crystal. 
X-ray  textural  analysis  indicated  a  regularly  in¬ 
creasing  degree  of  c-axis  ordering  normal  to  the 
sample  surface  as  x  Increased  from  0.9  to  1.2. 

Microstructure  analysis  confirms  the  x-ray  tex¬ 
tural  analysis.  The  optical  micrographs  in  Figure 
1  show  that  the  depth  of  c-axis  orientation  de¬ 
pends  on  titania  mole  ratio  x  as  follows: 

x  depth(um) 


0.9 

70-140 

1.0 

40-190 

1.2 

250-600 

The  depth  of  orientation  for  x«0.9  is  mostly  70  um 
with  excursions  to  140  um,  while  the  depth  for 
x«1.0  is  mostly  190  um  with  excursions  to  40  um. 
Note  that  approximately  50  um  of  oriented  material 
has  been  removed  by  polishing  In  sample  prepara¬ 
tion.  We  also  note  that  extensive  microcracking 
is  prevalent  in  the  unoriented  crystallized  re¬ 
gions. 

SAW  measurements  were  carried  out  as  decribed  by 
Lee,  et.  a  1 . ( 12 )  Uniform  aluminum  interdigital 


transducers  with  19.5  periods,  1  me  aperture,  and 
30  um  wavelength  were  fabricated  on  polished  ce¬ 
ramic  substrates.  With  this  wavelength,  I0T  cen¬ 
ter  frequencies  were  about  89  MHz.  Coupling  coef¬ 
ficients  were  obtained  by  measuring  the  vector 
Impedance  of  IDTs  at  their  center  frequency  with 
an  HP  4191A  rf  impedance  analyzer,  with  careful 
correction  for  package  and  fixture  stray  capaci¬ 
tance  and  bonding  wire  Inductance.  The  values  of 
k*  were  extracted  from  the  Impedance  data  with  the 
crossed-field  model  formula(13): 

6  «  4Nk‘«C/w,  (1) 

where  6  and  C  are  the  measured  conductance  and  ca¬ 
pacitance  of  the  IDT,  respectively.  For  propaga¬ 
tion  loss  measurements,  four  high  quality  IDTs 
were  selected  in  a  row  so  that  insertion  loss 
could  be  measured  between  successively  further 
apart  IDTs  (intermediate  IDTs  were  etched  away  af¬ 
ter  they  had  been  used).  Plots  of  Insertion  loss 
vs  IDT  separation  yielded  propagation  loss.  Temp¬ 
erature  coefficient  of  resonance  (TCR)  data  were 
obtained  with  the  help  of  an  HP  850SA  network  ana¬ 
lyzer  stabilized  with  an  HP  8660C  frequency  syn¬ 
thesizer.  The  frequency  was  set  to  the  I0T  center 
frequency,  then  as  sample  temperature  was  ramped 
at  0.7  *C/min,  the  frequency  f  was  varied  under 
computer  control  to  maintain  constant  SAW  device 
output  phase  *.  Thus,  the  temperature  coefficient 
of  resonance  is  defined  as 


TCR  ’  (2) 

For  most  samples,  data  were  obtained  between  -20 
and  200*C. 


RESULTS  &  DISCUSSION 

The  data  on  k1  are  presented  in  Table  I;  k*  for 
the  titania-rich  glass-ceramic  is  comparable  to 
that  obtained  by  Lee,  et.  al.(12),  for  Ti-stoi- 
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Table  I.  SAW  Properties 


chiometric  glass  ceramic,  while  the  value  of  k2 
for  the  Ti-deficient  sample  is  considerably  de¬ 
creased.  The  low  value  of  k2  for  the  Ti-deficient 
sample  probably  derives  from  the  oecreased  depth 
of  oriented  microstructure  apparent  in  figure  i. 


Figure  la.  Microstructure  of  titanium  deficient 
fresnoite  glass-ceramic  with  composition 
2Ba0-0.I5Ca0-2.9$10,-0.9Ti0,. 


Figure  lb.  Microstructure  of  titanium  stoichiome¬ 
tric  fresnoite  glass-ceramic  with  com¬ 
position  2Ba0-0.15Ca0-2.9Si0j-l.0T10!. 


Even  though  the  Ti-stochiometric  and  Ti-rich  sam¬ 
ples  have  essentially  the  same  values  for  k2  at 
’89  MHz,  the  Ti-rich  sample  would  undoubtedly 
maintain  its  k2  value  at  lower  frequencies  where 
the  surface  wave  would  extend  further  into  the 
substrate,  while  k2  for  the  Ti-stoichiometric  sam¬ 
ple  would  decrease. 

Calculations  performed  by  Yamauchi(8)  and  Meln- 
gail is<9)  indicate  that  power  flow  angle  is  essen¬ 
tially  zero  and  k2  is  essentially  constant  in 
fresnoite  for  SAW  propagation  directions  perpendi¬ 
cular  to  <001>.  Thus,  the  fact  that  k2  in  the 
best  glass-ceramic  samples  is  ’27%  lower  than  x2 
for  single  crystal  fresnoite  is  not  due  to  the 
random  azimuthal  orientation  of  crystallites  in 


Figure  lc.  Microstructure  of  titanium  rich  fres¬ 
noite  glass-ceramic  with  composition 
2Ba0-0.15Ca0-2.9Si0j-l.2Ti0,. 

the  glass  ceramics.  C-axis  mlsorientation  of  25* 
would  be  required  to  explain  this  ’27%  reduction. 
By  inspection  of  Figure  1  it  is  clear  that  the  c- 
axes  of  fresnoite  grains  In  the  glass-ceramic  are 
oriented  within  >5*  with  respect  to  the  surface 
normal,  so  that  mlsorientation  cannot  explain  the 
difference  in  k2  values  between  the  single  crystal 
and  glass-ceramic.  The  most  probable  explanation 
is  dilution  of  piezoelectric  properties  by  glass 
phase,  as  well  as  the  limited  depth  of  crystalline 
orientation. 

Attenuation  data  are  also  presented  in  Table  I. 
The  Ti-rich  sample  has  the  lowest  attenuation, 
while  the  Ti-stochiometric  and  -deficient  samples 
have  higher,  comparable  values.  It  is  likely  that 
two  effects,  subsurface  microcracking  and  scatter¬ 
ing  from  misoriented  grains  below  the  depth  of  c- 
axis  orientation,  are  both  dominant  attenuation 
mechanisms.  The  high  degree  of  microcracking  in 
the  Ti-stochiometric  sample  and  the  low  orienta¬ 
tion  depth  in  the  Ti-deficient  sample  appear  to 
fortuitously  yield  comparable  attenuation.  This 
subsurface  cracking  is  probably  responsible  for 
the  observation  by  Lee,  et.  al.(12),  that  spurious 
bulk  waves  are  strongly  attenuated. 

Temperature  coefficient  data  are  presented  in  Fig¬ 
ures  2  and  3;  data  obta;ied  with  a  Z-cut  single 
crystal  are  included  for  reference.  The  curves 
for  Ti-deficient  and  Ti-stoichiometric  glass-ce¬ 
ramic  are  almost  Identical  with  each  other,  and 
are  very  similar  to  the  curves  for  the  single 
crystal.  This  reflects  the  fact  that  the  origin 
of  the  piezoelectric  effect  is  common  for  the 
three  materials:  Z-oriented  fresnoite.  We  note 
that  the  "wiggles'  in  the  single  crystal  data  in 
Figure  3  are  due  to  phase  shifts  induced  by  bulk 
wave  interference;  no  attempt  to  reduce  bulk  wave 
interference  by  back-surface  treatment  was  made, 
this  was  unnecessary  for  the  glass-ceramics  be¬ 
cause  of  their  bulk-wave  attenuation.  The  curves 
for  Ti-rich  glass-ceramic  are  qualitatively  dif¬ 
ferent.  The  magnitude  for  TCR  is  much  lower  for 
this  sample,  and  the  low  magnitude  is  maintained 


over  a  much  wider  temperature  rang*.  These  curves 
were  confirmed  by  measurements  on  four  samples. 


SUMMARY  i  CONCLUSIONS 


Figura  2.  Temperature  dependence  of  normalized 
frequency  adjustad  to  yield  constant  SAW 
davica  output  phasa  as  temoaratura  var- 
ias. 
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Figura  3.  Temperature  dapandanca  of  temperature 
coefficient  of  rasonanca  dafinad  by  Eg. 

(2). 


Wa  hava  not  yet  found  a  convincing  explanation  for 
the  low  magnitude  of  TCR  In  the  fl-rich  glass-ce- 
ramlc  sample.  Wa  do  not  detect  a  second  crystal* 
line  phasa  or  lattice  constant  shift  in  the  fres- 
noite  phase.  Wa  do  notice  a  slight  difference  In 
preferred  orientation  between  the  Ti-rieh  and  T1- 
stoichiometric  glass-ceramics,  both  of  which  ware 
wel 1 -oriented  within  the  penetration  depth  of  the 
Cu  Ko  x-rays.  In  both  samples,  c-axis  reflections 
clearly  dominated  all  other  reflections.  In  the 
Ti-rich  glass-caramic,  a-axis  reflections,  al¬ 
though  weak,  were  noticably  stronger  than  off-axis 
reflections,  whereas  in  the  Ti-stoichiometric  sam¬ 
ple,  all  non-c-ax,s  reflections  had  about  the  same 
magnitude.  However,  wa  hava  no  evidence  that  this 
slight  difference  in  texture  is  responsible  for 
the  dramatic  difference  in  TCR.  The  explanation 
may  simply  lie  in  the  amount  and  composition  of 
glass  phase. 


Wa  have  demonstrated  in  this  paper  how  the  freedom 
to  vary  composition  in  glass-ceramics  can  be  used 
to  advantage  to  improve  SAW  properties  in  the 
fresnoite  system.  A  fresnoite  glass-ceramic  with 
excess  titania  and  silica  was  developed  which  has 
an  electromechanical  coupling  coefficient  k*  of 
1.16X,  comparable  to  the  single-crystal  value  of 
1.6X.  The  temperature  coefficient  of  resonance  is 
dramatically  reduced  to  -7  ppm/*C  at  room  tempera¬ 
ture.  The  low  magnitude  of  the  TCR  is  maintained 
over  a  remarkable  temperature  range.  In  addition, 
bulk  waves  are  strongly  suppressed,  while  SAW  pro¬ 
pagation  loss  is  reasonable.  Thus,  the  SAW  prop¬ 
erties  of  the  glass-ceramic  appear  to  be  superior 
to  those  of  the  single  crystal  from  which  it  was 
derived.  Fortunately,  the  low  magnitude  TCR  oc¬ 
curs  for  a  composition  for  which  oriented  recrys¬ 
tallization  proceeds  to  a  maximum  depth. 

This  glass-ceramic  appears  to  fill  a  need  for  a 
medium-coupling  SAW  substrate  material  with  low 
TCR.  Available  medium  coupling  materials  are  li¬ 
thium  tantalate,  berlinite,  and  modified  lead-tit- 
anate  ceramic(L-3) .  Properties  of  these  materials 
are  given  in  Table  I.  Lithium  tantalate  is  com¬ 
mercially  available,  and  Is  therefore  the  prefer¬ 
red  material  for  medium-bandwidth  SAW  applica¬ 
tions.  However,  its  relatively  high  TCR  is  a  dis¬ 
advantage.  An  advantage  of  fresnoite  glass-ce¬ 
ramic  over  ferroelectric  ceramics  such  as  lead 
titanate  is  that  because  it  is  not  ferroelectric, 
it  cannot  dapole  or  age. 

It  is  probable  that  .the  TCR  magnitude  of  fresnoite 
glass-ceramics  can  be  further  reduced  by  addi¬ 
tional  compositional  or  processing  modifications. 
We  are  currently  proceeding  with  further  titania 
concentration  variations,  as  well  as  substitution 
of  Sr  for  Ba. 
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Abstract 

Previous  studies  have  shown  that 
fresnoite  (BazTiSizO*)  glass-ceramics 
with  oriented  crystallites  are  promising 
candidate  materials  for  pyroelectric  de¬ 
tectors  and  surface  acoustic  wave  devi¬ 
ces.  A  detailed  investigation  of  the 
properties  and  microstructure  of  glass- 
ceramics  in  the  Baz-tSriTiSizO*  solid 
solution  has  been  carried  out.  Classes 
of  several  compositions  were  prepared  and 
recrystallized  through  a  heating  schedule 
to  produce  an  oriented  region  of  crystal¬ 
lites  perpendicular  to  the  surface, 
100-500um  in  depth.  The  microstruc¬ 
ture  of  the  glass-ceramics  was  examined 
by  scanning  electron  microscopy.  Their 
dielectric  and  piezoelectric  properties 
were  studied. 


1 .  Introduction 

In  the  recent  past,  a  new  technique 
for  preparing  glass-ceramics  with  orient¬ 
ed  crystallites  of  a  polar  phase  has  been 
investigated  with  the  objective  of  fabric¬ 
ating  inexpensive,  large  area  sensor 
elements  for  application  in  pyroelectric 
detectors  and  piezoelectric  devices1*4. 
Through  a  suitable  thermal  process,  glass 
is  converted  to  a  glass-ceramic  consis¬ 
ting  of  a  grain-oriented  polar  crystal¬ 
line  phase  in  a  glassy  matrix.  The 
macroscopic  polarity  thus  developed  gives 
rise  to  both  piezoelectric  and  pyro¬ 
electric  activity  with  markedly  different 
properties  from  those  of  poled  ferro¬ 
electric  ceramics.  Earlier  studies  have 
shown  that  these  glass-ceramics  are 
promising  materials  for  piezoelectric 
resonators1,  hydrophones* .  • ,  pyroelec¬ 
tric  devices7 ,  and  surface  acoustic 
wave  (SAW)  substrates*. 


Several  glass-forming  polar  materials 
have  been  prepared  in  glass-ceramic  form. 
Some  of  the  systems  studied  include 
Li:0-Si0a ,  Li20-Si02 -BzOs . 

BaO-SiOz -TiOa ,  BaO-GeOz -TIO2 ,  and 
SrO-SiOa -TiOa .  Among  the  crystalline 
phases  recrystallized  from  the  glasses 
are  Li2Si2  0s,  L1zB«0t  ,  BazTiSizO*, 
SrtTiSizO* ,  and  BazTlGetO*.  One  or  more 
of  these  polar  phases  are  obtained  in  the 
glass-ceramic,  depending  on  the  composi¬ 
tion  of  the  glass.  The  compositions  of 
the  glasses  were  optimized  by  composition¬ 
al  variations  to  obtain  glass-ceramics 
with  good  physical  properties*  •  * . 

Fresnoite  (BazTiSizO*)  single 
crystals  are  promising  as  SAW  substrates, 
with  its  SAW  properties  intermediate 
between  those  of  LiNbOs  and  LiTaO**,1*. 
Modified  fresnoite  glass-ceramics  have 
also  been  shown  to  be  viable  candidate 
materials  for  hydrophones*,*  and  SAW 
devices* . 

Recently,  Ito  and  coworkers1 1  • 1 2 
have  shown  that  the  temperature  coeffi¬ 
cient  of  delay  (TCD)  of  fresnoite  single 
crystals  can  be  lowered  through  the 
partial  substitution  of  strontium  for 
barium.  Crystals  of  composition 
( Baz -* Sr* )TiSizOt  with  uniform  Sr 
concentration  can  be  grown  by  edge- 
defined  film-fed  growth  (EFG),  for  the 
compositions  ranging  from  x=  0  to  0.8. 
Z-cut  crystals  with  a  strontium  concen¬ 
tration  of  x=  0.8  gave  a  TCD  value  of  20 
ppm/*C  with  practically  no  reduction 
in  the  SAW  coupling  coeff icientOm  2 ) , 
and  look  to  be  very  useful  for  SAW 
devices . 

In  compositions  with  x*  1.0, 

SrSiO*  and  SrTiOi  also  crystallize 
along  with  the  fresnoite  phase,  making  it 
impossible  to  grow  pure  strontium  tita- 
nate  silicate  single  crystals  by  the 
usual  crystal  growing  techniques.  How¬ 
ever,  x-ray  diffraction  studies  on 
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ceramic  samples  indicated  that  all  compo¬ 
sitions  with  x=  0  to  2.0  prepared  by 
conventional  ceramic  processing  tech¬ 
niques  give  single-phase  f resnoite-type 
structure.  The  results  indicated  that  Sr 
substituted  for  5a,  and  a  complete  solid 
solution  for  the  ceramics  occurred. 

In  the  present  work,  polar  glass- 
ceramics  in  the  Ba2TiSi2  0»  -SriTiSi2  0* 
solid  solution  system  were  prepared  by 
recrystalli2ing  the  glasses.  The  micro¬ 
structure,  dielectric,  and  piezoelectric 
properties  of  these  glass-ceramics  are 
presented  in  this  paper.  Surface  acous¬ 
tic  wave  properties  will  be  reported 
later. 


2.  Experimental  Details 

Glasses  of  compositions  ( 2-x ) BaO-xSrO- 
0  15CaO-2. 9Si02 -Ti02  with  x=  00. 

0.2,  0.6,  1.0,  1.4,  1.8,  2.0  were 
prepared.  Reagent  grade  BaCOa , 

SrCOs  ,  CaCOs  ,  Si02-nfJ2  0,  and  Ti02 
were  mixed  by  ball  milling  in  an  alcohol 
medium,  and  the  mixture  was  dried.  The 
batch  was  then  melted  in  a  platinum 
crucible  in  a  globar  furnace  at  1430*C 
for  6-10  hours.  The  glass  was  poured 
into  a  graphite  mold  to  form  pellets 
about  1  cm  in  diameter  and  7  cm  thick. 
Glass  samples  were  annealed  at  500*C, 
well  below  the  nucleation  temperature  to 
avoid  bulk  nucleation. 


To  examine  the  microstructure  of  the 
glass-ceramics,  samples  were  polished  and 
etched  with  2*  9F  solution  to  reveal  the 
oriented  growth  of  crystallites.  The 
samples  were  then  studied  using  a  scan¬ 
ning  electron  microscope. 

For  dielectric  and  piezoelectric 
measurements,  samples  in  the  form  of  cir¬ 
cular  disks,  having  dimensions  of  about 
10  mm  in  diameter  and  0 . 5  mm  thick,  were 
prepared  by  sectioning  the  oriented 
portion  of  the  glass-ceramics.  Gold 
electrodes  were  sputtered  on  the  polished 
surfaces.  The  dielectric  constants  were 
calculated  by  measuring  the  capacitance 
of  the  samples  using  an  LCR  bridge* . 

The  piezoelectric  constant  dji  parallel 
to  the  crystal  growth  direction  was 
measured  with  a  dsi-meter**.  Electro¬ 
mechanical  coupling  factor  was  measured 
by  the  gain-bandwidth  method  as  described 
by  Holland  and  EerHissei » . 

3.  Results  and  Discussion 

SEM  micrographs  of  selected  glass - 
ceramic  samples  are  shown  in  Figure  2. 

The  length  of  the  crystallites  in  the 
oriented  region  varied  between  100  to 
500  urn,  with  the  length  being  less  in 
glass-ceramics  containing  higher  Sr 
concentration.  Also,  a  slight  curvature 
in  the  growth  of  the  crystallites  was 
observed  in  Sjr-rich  glass-ceramics. 


The  typical  heat-treatment  cycle 
employed  for  crystallizing  glasses  is 
shown  in  Figure  1.  The  temperature  was 
increased  up  to  500 *C  slowly  and  held 
there  for  one  hour  to  avoid  thermal 
shock.  Then  the  temperature  was  raised 
to  the  crystallization  temperature 
(950*C)  quickly  to  minimize  bulk 
nucleation.  Glasses  were  crystallized  at 
950*C  for  two  hours  and  cooled  to 
800*C,  where  they  were  held  for  six 
hours  to  anneal  the  glass-ceramics.  The 
glass-ceramics  were  then  slowly  cooled  to 
room  temperature. 


The  variation  of  the  dielectric  and 
piezoelectric.,  properties  of  glass- 
ceramics  with  mole  fraction  of  SrO  is 
shown  in  Figures  3-6.  The  dielectric 
constant,  Ki 3 ,  is  in  the  range  10  to 
16,  with  the  dissipation  factor  remaining 
very  low  near  0.1  X.  As  for  the  piezo¬ 
electric  dsa  coefficient,  the  range  is 
4  to  16  pC/N,  with  the  composition 
0 . 2BaO- 1 . 8SrO-0 . 15CaO-2 . 9Si02 -TIOz 
showing  the  highest  dj*.  This 
composition  has  a  high  piezoelectric 
gsi  voltage  coefficient  (110  x  10- * 

Vm/N)  compared  to  PZT  ceramics  because  of 
its  low  dielectric  constant.  The  planar 
coupling  coefficient,  kp ,  decreases 
with  SrO  whereas  the  planar  frequency 
constant,  Np  ,  is  about  3500  m-Hz  for 
all  compositions. 


FIGURE  1  Recrystallization  schedule  for 
Ba-Sr  fresnoite  glass-ceramics 
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FIGURE  2  SEM  micrographs  of  the  oriented 
region  in  3a-Sr  fresnoite  glass -ceramics . 
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FIGURE  4  The  piezoelectric  constant, 
dJ 3  ,  for  Ba-Sr  fresnoite  glass- 
ceramics 
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FIGURE  5  The  planer  coupling 
coefficient,  k*  .  far  Ba-Sr  fresnoite 
glass-ceramics . 
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FIGURE  6  The  planar  frequency  constant, 
Np .  for  Ba-Sr  fresnoite  glass -ceramics 

From  the  present  study,  it  is  clear 
that  we  can  prepare  polar  glass -ceramics 
in  the  fresnoite  system,  by  replacing  Sa 
with  Sr.  in  the  entire  solid  solution 
range.  Although  the  length  of  the 
oriented  crystallites  and  the  planar 
coupling  coefficient  decrease  with  the 
addition  of  Sr,  the  piezoelectric  d»J 
coefficient  increases. 

The  surface  acoustic  wave  properties 
of  fresnoite  glass-ceramics  of  composi¬ 
tion  2  OBaO-O  1 5CaO-2  95i0:-Ti0i  have 
been  reported*  This  composition 
showed  a  SAW  coupling  coefficient  of 
l  l  X  and  a  temperature  coefficient  of 
delay  of  SO  ppm/*C.  In  Ba2 - « Sri TiS 12 0* 
single  crystals,  a  decrease  m  the  TCD 
has  been  observed  with  the  addition  of 
Sr.  We  can  expect  a  similar  behavior  in 
the  modified  fresnoite  glass -ceramics 
The  surface  acoustic  wave  properties  of 


polar  glass-ceramics  in  the  Ba-Sr 
fresnoite  system  will  be  reported  in  the 
future 

4 .  Summary 

Glass-ceramics  in  the  Ba2 - « Sri TiSi2 0» 
solid  solution  have  been  prepared  The 
length  of  the  oriented  region  ranged 
between  100  to  SOOum,  glass-ceramics 
with  higher  Sr  concentration  had  crystal¬ 
lites  that  exhibited  curvature.  The 
piezoelectric  d)i  coefficients  were  in 
the  range  €  to  16  pC/N,  and  the  planar 
coupling  coefficients  were  in  the  range 
12  to  6  X  The  composition  0  2BaO- 
1  3SrQ-0  15CaO-2 . 9S102 -Ti02  showed  a 
high  piezoelectric  gsi  voltage  coef¬ 
ficient  tl 10x10- *  Vm/N).  These  glass- 
ceramics  are  useful  for  SAW  devices. 
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TiO  powder  wj»  incorporated  into  a  rigid  epoxv  mairu  to  produce  compociie  .natenals 
that  exhibit  unu.uallx  large  PTC  reM.tiviu  increases  of  up  to  ten  orders  of  magnitude. 
The  composites  hate  a  room-temperature  resistiwt)  1 1  5  O-cmi  that  is  comparable  with 
commercial  carbon-black-loadcd  poivcihvkne  thermistors. 


INTRODUCTION 

Thermistors  (temperature-dependent  resistors)  are  used  as  temperature 
sensors,  as  protection  against  current  or  voltage  surges,  as  flow  meters 
and  automatic  gam  elements.  We  have  recently  shown  that  composite 
thermistors  consisting  of  VO;.  V.O„.  VO  or  Ti.O,  in  combination 
with  various  polymers  exhibit  unusually  large  positive  temperature 
coefficient  (PTC)  effects.  ( Bueche.  1973)  For  example,  the  magnitude  of 
the  PTC  anomaly  for  56  volume  percent  V;03  in  an  epoxy  is 
approximately  9  orders  of  magnitude.  (Bueche.  1973)  compared  with 
approximately  4-6  orders  for  commercial  carbon  black-loaded  polyeth¬ 
ylene  thermistors.  (Doljack.  (981)  The  best  V.O, -epoxy  composites 
have  a  room  temperature  resistiv  tty  of  1 0  to  20  fl-cm.  about  the  same  as 
that  of  BaTiO,  PTC  ceramics  (Herbert.  1982)  but  somewhat  higher 
than  the  carbon  black-loaded  materials  I  -5  Q-cm). 

In  order  to  lower  the  room  temperature  resistivity,  we  have  explored 
TiO  as  a  potential  tiller  material.  The  room-temperature  resistivity  of 
single  crystal  TiO  (  -  2  x  H)"1  O-cm)  is  at  least  an  order  of  magnitude 
lower  than  the  other  transition  metal  oxide  tillers  we  have  examined 
previously.  iHu.  Runt.  Safari  and  Newnham.  1985)  TiO-epoxy  compo¬ 
sites  exhibited  large  PTC  effects  localized  over  a  relatively  narrow 
temperature  range  and  resistivities  at  room  temperature  of  I  -5  sl-cm. 

i 


EXPERIMENTAL 


The  matrix  for  all  composites  -ies«.ribcd  ut  ihi-»  paper  «.i>  a  rigid  epoxy 
I'Spurr'  epoxy  i  obtained  : : - ■  m  I’-'ly  sconces.  hie  Hie  spceilie  lormula- 
tion  is  as  follow  - : 

10  am  •  my leyeiohexaiie  dioxide 
4  gm.  digiycidyi  ether  v>i  polypropylene  glycol 
26  am.  no  non  v  I  >aecime  anhydride 
0.4  am.  jimetliy  lammoethanol 

Optical  grade  TiO  (4>j  _  purity  i  was  obtained  from  Alfa  Products. 
The  as-received  powder  (particle  size  -  K50  am)  was  around  to  an 
average  particle  size  oi  25  urn.  Composites  containing  50  volume 
percent  TiO  were  fabricated  by  mixing  the  epoxy  precusrors  and  TiO 
and  curing  at  either  65  or  100  C  for  S  hours.  Air-dry  silver  electrodes 
were  used  on  all  composites. 

The  d.c.  resistivity  of  the  composites  was  measured  a-  i  function  of 
temewrature  (from  0  to  150  C  i  with  a  Keithley  digit-  electrometer 
Model  616.  a.c.  resistivities  were  recorded  over  the  sanu  temperature 
range  using  a  Hewlett-Packard  Model  42~4  LCR  mc;-r  at  0.1  and 
1  kHz. 


RESULTS  AND  DISCUSSION 

The  a.c.  resistivity  as  a  function  of  temperature  for  the  50"  ,  TiO 
composite  cured  at  100  C'  is  shown  in  Figure  I  The  a.c.  resistivity  is 
only  -0.5  Q-em  in  the  temperature  range  of  0  to  so  C.  then  increases 
sharply  by  about  8  orders  of  magnitude  over  a  range  ol  about  20  The 
Irequency  dependence  of  the  resistivity  observed  at  high  temperatures 
has  been  noted  previously'  and  can  be  explained  in  terms  of  a 
Maxwell- Wagner  ertect  resulting  from  the  diphasic  conductor-insula¬ 
tor  nature  of  the  composite.  The  d.c.  resistiv  uy  at  room  temperature  can 
be  as  low  as  I  5  Q-v.m  whiie  the  PTC  anomaly  can  be  as  large  as  10 
orders  ol  magnitude  Thus  ol  all  the  transition  metal  oxides  we  have 
examined.  TiO  provides  the  most  desirable  composite  thermistor 
properties. 
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FfGlRC  I  j  *  rcsistmiv  versus  temperature  lor  a  50  volume  *rcent  TiO-epoxy 
composite  cured  ai  MK>  ('  Curve  I  I < x >  Hz  curve  C  I  kHz. 

Finally.  Figure  I  summarizes  ihe  reproducibility  of  a  50u„  composite 
cured  at  100  C  upon  repeated  cycling  from  0  to  130  C  Room  tempera¬ 
ture  resistivity  increases  slightly  after  the  initial  heating  while  the 
magnitude  of  the  PTC  anomaly  remains  effectively  constant.  Upon 
cycling  an  additional  30  times,  one  observes  a  more  significant  increase 
in  room  temperature  resistivity  (approximately  an  order  of  magnitude) 
and  a  slight  drop  in  the  magnttuide  of  the  PTC  anomaly 

SUMMARY 

Composites  consisting  of  50  volume  percent  TiO  and  a  rigid  epoxy  were 
found  to  exhibit  large  PTC  resistivity  increases  in  the  temperature 
range  of  85  to  1 05  C  The  magnitude  of  the  PTC  effect  can  be  as  large  as 
10  orders  of  magnitude  In  addition,  the  room-temperature  resistivity  is 
considerably  lower  than  BaTiO,  PTC  ceramics  and  comparable  to 
commercial  carbon-black  rilled  polyethylene  thermistors. 
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Abstract 


The  semiconductor  to  metal  phase  transition  found  in 
vanadium  (III)  oxide.  V203,  was  incorporated  into  a  composite 
thermistor  which  exhibits  an  NTC  as  well  as  a  PTC  resistance 
effect.  The  composites  were  prepared  using  V203  and 
several  polymers  including  a  flexible  epoxy,  a  polyurethane  and 
crystalline  polyethylene.  These  composites  showed  large  PTC 
resistivity  effects  of  up  to  eight  orders  of  magnitude. 
Depending  on  the  type  of  polymer  chosen,  the  transition 
temperature  at  which  the  PTC  phenomenon  occurs  can  be 
changed.  In  addition,  an  NTC  effect  was  observed  at  the 
temperature  of  the  semiconductor  to  metal  transition  of  the 
metal  oxide  filler.  The  resistivity  versus  temperature  curve 
resembles  a  square  well  with  three  different  conducting 
ranges:  semiconductor  to  metal  to  insulator.  Finally,  the 
percolation  curves  for  polyethylene  composites  were  found  to 
be  a  function  of  filler  particle  size. 


1.  Introduction 


A  thermistor  is  a  temperature  dependent  resistor  that  can 
be  used  in  such  applications  as  temperature  sensors,  flow 
meters,  and  protection  devices  against  current  or  voltage 
surges.  Potential  thermistor  materials  are  ones  that  exhibit  a 
large  change  in  resistivity  with  temperature.  These  include 
doped  BaTi03(lJ  and  composites  consisting  of  carbon  black 
(2)  or  transition  metal  oxides  (such  as  TiO,  V02.  and  V20>>) 
[3.4). 

Doped  BaTi03  ceramics  show  a  large  positive  temperature 
coefficient  (PTC)  of  resistance  and  have  been  widely  used. 
However,  they  are  limited  by  their  relatively  high  room 
temperature  resistivity  (-1Q0  Cl  ■  cm)  (1]  and  high  manufacturing 
costs.  An  alternative  composite  materia!  consisting  of  carbon 
black-  loaded  crystalline  polymers  (such  as  polyethylene)  have 
proven  successful.  These  composites  exhibit  a  modest  PTC 
as  wel  as  tow  room  temperature  resistivsy  (-  i-5Cl-cm) 

An  important  concept  often  used  to  describe  the  behavior 
of  metal-insulator  composites  is  percolation.  This  allows  one  to 
understand  the  change  in  resistivity  as  a  function  of  volume 
percent  filter  in  such  composite  matenals.  The  percolation 
threshold  is  defined  as  the  filler  volume  fraction  at  which  the 
resistivity,  indicative  of  the  insulating  phase,  begins  to 
decrease  (see  Figure  1).  This  is  associated  with  the  point  at 
which  the  filler  particles  begin  to  lorm  conductive  paths.  As  the 
concentration  of  filler  is  increased  through  the  percolation 
region,  more  conductive  paths  are  created  through  the 
composite.  This  region  of  tiller  concentration  is  where  one 


would  expect  to  see  the  largest  PTC  effects.  Once  the 
saturation  region  is  reached,  there  are  a  large  number  of 
conductive  patns.  resulting  in  tow  resistivities.  In  addition,  this 
is  the  region  in  which  one  would  normally  expect  the  PTC 
phenomenon  to  diminish. 

For  metat-insulator  composites  where  the  insulating  phase 
is  a  crystalline  polymer  (such  as  polyethylene  or  a  nylon),  the 
PTC  phenomenon  is  generally  observed  at  the  polymer 
melting  point  (Tm).  At  Tm.  there  is  a  discontinuous  change  in 
the  specific  volume  with  temperature  and  the  magnitude  of  the 
change  is  a  function  of  the  degree  of  crystallization  of  the' 
polymer.  At  room  temperature  the  filler  particles  are  essentially 
in  contact,  giving  rise  to  a  tow  resistivity.  As  the  temperature 
increases,  a  large  change  in  volume  occurs  at  the  melting  point 
of  the  polymer.  The  polymer  expands  more  quickly  than  the 
conductive  particles,  separating  the  grains  and  resulting  in  a 
rapid  increase  in  resistivity  of  between  1  and  8  orders  of 
magnitude  (5.6). 

Very  little  work  has  beam  done  on  the  PTC  effects  in 
metal-insulating  composites  consisting  of  amorphous  polymer 
matrices.  As  pointed  out  by  Voet  [2]  a  strong  PTC  effect  in 
such  composites  is  usually  not  anticipated,  except  when  the 
filler  concentration  is  in  the  critical  range.  In  this  range  a  major 
resistivity  change  results  from  minor  changes  in  interparticle 
distances. 

In  this  paper  we  review  some  of  our  recent  research  on  a 
new  class  of  composite  thermistor.  Transition  metal  oxide/ 
polymer  composites  have  been  fabricated  with  a  variety  of 
conducting  oxides.  Here,  we  focus  on  vanadium  (III)  oxide 
(V203)  /  polymer  composites,  in  combination  with  amorphous 
or  crystalline  polymers.  V203  composites  exhibit  both  large 
NTC  (negative  temperature  coefficient )  and  PTC  effects. 


FIGURE  1 :  A  typical  percolation  curve  which  relates  resistivity 
to  volume  percent  filler  in  the  composite. 
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2.  Expanmental  Procedure 


Two  types  of  vanadium  (III)  oxide.  VgO-i,  were  used  m  our 
research  The  first,  a  powder  supplied  by  Alfa  Products,  had 
rod-like  particles  with  an  average  length-to-width  ratio  of  3.13 
and  an  average  size  of  approximately  1  3  by  4.1  urn.  The 
second  powder.  VjOj  obtained  from  Aldrich  Chemical 
Company,  also  consisted  of  rod-like  particles  with  a 
length-to-width  ratio  of  3  85  and  an  average  size  of  about  0.3 
by  3.4  nm.  Prom  all  indications,  the  chemical  composition  of 
each  powder  was  identical.  These  two  powders  were 
combined  with  a  number  of  amorphous  and  crystalline 
polymers  such  as  a  flexible  epoxy  lEccogei  1355-45.  octair.ed 
from  Emerson  •  Cuming;  T-  -  -30°C).  a  oolyurethane  , 
obtained  from  Cexter  Hysol:  '  1S°C).  and  polyethylene 

(T_-130°C  ).  The  composite?  containing  the  amorpnous 
polymers  were  mixed  for  30  minutes  and  pressed  at  mom 
temperature  for  two  minutes  at  12.000  psi.  The  eooxy 
composites  were  cured  at  80°C  for  13  hours  while  those  with 
polyurethane  were  cured  at  3S°C  for  two  hours  Composites 
made  with  the  semi-crystalline  polymer  polyethylene  were 
mixed  in  a  Brabender  mixer  at  140°C  for  20  minutes  and  not 
pressed  for  30  minutes  at  -200°C  All  samples  were  pousned 
and  sputtered  gold  electrodes  were  applied.  F<naily.  a.c. 
resistivity  as  a  function  of  temperature  was  measured  at  1 000 
and  10000  Hz  using  an  Hewlett  Packard  4274 A 
Multi-Frequency  LCR  Meter  over  a  temperature  range  of  -150 
to  150  °C. 


3.  Results  and  Oiscussion 


Figure  2  shows  the  percolation  threshold  for  the  Aldrich 
V5O3  /  polyethylene  composites  to  be  located  at  about  10  - 15 
volume  percent  filler  In  addition,  the  percolation  region 
extends  from  approximately  10  to  30  volume  percent.  The 
individual  measurements  of  resistivity  versus  temperature  are 
illustrated  in  Figure  3.  The  30.  40.  and  50  volume  percent 
samples  exhibited  relatively  large  PTC  phenomena  iocated 


near  the  Tm  of  polyethylene.  This  phenomenon  decreases 


and  disappears  at  concentrations  less  than  about  20  volume 
percent.  The  room  temperature  resistivity  for  the  highest  filler 
concentration  is  30  to  40  Q  -  cm.  At  V5O3  concentrations 
greater  than  about  30  volume  percent,  the  magnitude  of  the 
PTC  is  7  to  8  orders. 

The  corresponding  plots  for  the  AHa  powder  are  shown  in 
Figures  4  and  5.  The  percolation  threshold  is  higher  for  this 
V9O3  .  located  near  20  -  25  volume  percent  In  contrast  to  the 
Aldrich  powder,  the  saturation  region  begins  at  40  volume 
percent.  Room  temperature  resistivity  (50  •  60  tJ  -  cm)  and  PTC 
intensity  (  -8  orders  of  magnitude)  are  very  similar  to  those 
found  in  the  Aldrich  /  polyethylene  composites.  Again,  large 
PTC  effects  are  observed  for  concentrations  greater  than  30 
volume  percent  but  are  basically  absent  for  those  equal  to  or 
less  than  this  concentration.  The  general  character  of  the 
resistivity  versus  temperature  curves  do  not  change  from  one 
powder  to  the  other. 

Figure  S  shows  the  relationship  between  composites 


prepared  with  50  volume  percent  of  the  Alfa  V2O3  and  two 


amorphous  polymers,  a  flexible  epoxy  and  a  polyurethane,  as 
described  in  the  experimental  section.  For  the  epoxy 
composite,  the  PTC  is  more  dramatic,  occurs  near  room 
temperature,  and  has  an  intensity  of  -5  orders  of  magnitude. 
The  room  temperature  resistivity  is  relatively  high,  however  this 


corresponds  to  an  area  within  the  PTC  transition.  The  resistivity 
at  temperatures  less  than  0°C  is  near  i(m  Q  -cm.  which  >s 
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considerably  larger  than  polyethylene  composites  of  the  same 
volume  fraction  The  polyurethane  composite,  on  the  other 
hand,  has  a  broader  PTC  transition  centered  near  75°C  4 

orders  in  magnitude)  Clearly,  the  resistivity  versus 
temperature  curves  for  the  various  composites  sncw  a 
significant  variation  m  transition  temperature  and  overall 
character  as  a  function  ol  polymer  type. 

For  the  two  amorphous  polymers,  the  PTC  temperature 
seems  to  scale  with  the  glass  transition  temperature  (T  , 
However  previous  work  suggests  that  there  aopears  to  De*no 
correspondence  between  T-  and  the  location  of  the  PTC 
transition  (3.4} 

The  resistivity  versus  temperature  response  tor  the 
polyurethane  and  epoxy  composites  also  illustrates  the  >ow 
•emperature  NTC  affect  founa  in  many  transition  metal  oxide 
composites  (3.4],  For  V2O3,  there  is  a  semiconductor  to  metai 
phase  transition  that  occurs  at  about  -100°C  that  corresponds 
to  a  change  n  snaps  of  the  lattice  and  a  oeiocatizaticn  ot  me 
electrons  The  location  of  tne  NTC  is  approximately  the  same 
tor  corn  polyurethane  and  epoxy  composites,  but  mere  >s 
some  difference  m  magnitude.  The  resulting  resistivity  curve 
especially  m  the  case  ot  the  epoxy  composite,  has  a  scuare 
well  shape,  in  addition  to  the  low  temperature  NTC.  an  NTC 
effect  is  also  observed  at  temperatures  above  me  PTC 
transition.  This  decrease  m  resistivity  follows  a  path  similar  to 
mat  of  the  pure  poiymers. 

For  comparative  purposes,  the  resistivity  versus 
temperature  behavior  of  a  50  volume  percent  polyethylene 
composite  is  also  shown  in  Figure  6.  The  PTC  transition  for  the 
polyethylene  composite  occurs  over  a  narrow  temperature 
range  compared  to  that  of  the  amorphous  polymers.  In 
addition,  although  not  seen  in  this  figure,  tne  V2°3  ' 
polyethylene  composites  exhibit  an  NTC  transition  at  about 
•100°C.  similar  to  the  other  composites.  A  dramatic  NTC  above 
the  PTC  transition  temperature  is  also  observed  (not  shown)  ; 
however,  this  can  be  eliminated  by  crosslinking  the 
polyethylene  i]  Note  that  the  polyurethane  and  epoxy 
composites  are  rosslinked  initially. 

With  crystalline  oolymer  matrices,  the  mechanism  of  the 
PTC  phenomenon  is  generally  associated  with  the  melting  ot 
me  oolymer  ana  consequent  large  volume  change.  However, 
note  that  lor  the  ooiyurethane  and  epoxy  composites,  as  well 
as  composites  with  other  non-crystalline  matrices  (3.  4|,  that  the 
PTC  >s  observed  at  filler  concentrations  which  are  well  above 
the  region  normally  associated  with  observations  of  large  PTC 
affects  in  amorphous  oolymer  composites  If  the  PTC  is 
believed  to  be  a  result  ot  thermal  expansion,  one  would  not 
expect  to  see  the  PTC  phenomenon  over  such  a  wide  range  of 
filler  concentrations.  Further  work  is  in  progress  to  help  us 
jnderstano  more  dearly  me  nature  of  the  PTC  effect  m  these 
metal  oxide  /  amorphous  polymer  composites 


4  Conclusions 

Significant  NTC  and  PTC  resistance  effects  were 
observed  for  V2O3  composites  prepared  with  both  amorphous 
and  crystalline  polymers.  The  location  of  the  PTC  phenomenon 
is  determined  by  the  choice  of  polymer  mathx.  Two  types  of 
V2O3  have  been  utilized  to  illustrate  that  the  characteristics  ot 
the  powder  influence  the  resistivity  behavior  Finally,  the 
mechanism  for  the  crystalline  polymer  composites  appeared  to 
be  due  to  thermal  expansion,  as  evidenced  by  the  sharp  PTC 
transition  at  the  melting  point  ot  polyethylene.  A  similar 
conclusion  concerning  amorphous  polymer  composites  can 
not  be  assumed. 
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FIGURE  2:  The  percolation  behavior  of  Aldrich  V203  / 
polyethylene  composites.  ‘ 
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FIGURE  3:  Resistivity  versus  temperature  behavior  at  1000  Hz 
for  several  different  compositions  of  Aldrich  V203  / 
polyethylene  composites. 
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FIGURE  4:  The  percolation  behavior  of  Alfa  V,03 
polyethylene  composites.  4 
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FIGURE  5:  Resistivity  versus  temperature  behavior  at  1 000  Hz 
lor  several  different  compositions  of  Alfa  V203  /  polyethylene 
composites. 


FIGURE  6:  Resistivity  versus  temperature  behavior  lor  two 
types  of  Alfa  Vj03  /  amorphous  polymer  composites  and  Alla 
V203/  polyethylene  composites. 
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Electrostricdon  is  the  basic  electromechanical  coupling  effect  in  centric  crystals,  and  is  therefore 
of  considerable  fundamental  interest.  When  it  is  remembered  that  the  very  widely  used 
PbZri^-PbTK^  poled  ceramic  piezoelectric  transducers  are  in  effect  polarization  biased 

electrustrictors,  the  phenomenon  also  becomes  of  very  strong  practical  importance.  Taking  the  first 
steps  towards  an  atomistic  understanding  of  the  electrostricdon  effect,  Achar  et  ai.  (1981)  in  this 
laboratory,  applied  the  shell  model  to  the  incipent  ferroelectric  and  improper  ferroelasdc  perovslrite 
SrTi03.  For  this  crystal  overall  agreement  with  theory  was  not  good,  even  though  the  trend  of  the 

temperature  dependence  is  correct,  Achar  and  Barsch  (1987).  A  possible  reason  for  the 
discrepancy  was  suggested  to  be  in  the  large  anisotropic  polarizability  of  the  oxygen  ion.  To  test 
this  hypothesis  it  is  clearly  desirable  to  move  to  a  non-oxide  perovslrite  and  pan  of  the  reason  for 
this  study  was  to  provide  experimental  data  to  test  this  hypothesis.  The  crystal  chosen  for  study  is 
potassium  manganese  fluoride  KMnF3,  one  of  the  most  widely  studied  of  the  halide  perovsldtes. 

For  this  crystal  the  second  and  third  order  elastic  constants  have  been  measured  as  a  function  of 
temperature,  Cao  (1987),  necessary  input  data  for  the  shell  model  calculation.  A  further  advantage 
to  chosing  KMnF3  is  the  possibility  it  affords  to  study  the  influence  of  the  improper  ferroelasdc 

phase  change  upon  the  electrostricdon  behavior.  In  many  ways  this  study  could  be  complementary 
to  that  of  the  perovslrite  oxides  which  encompass  ferroelectric  phase  changes.  The  ultimate  goal 
might  be  to  combine  soft  electrical  and  mechanical  modes  in  a  single  material  so  as  to  enhance  the 
strain  and  reduce  stress  concentration  for  efficient  electrically  controlled  high  strain  actuators. 

In  centric  materials,  odd  rank  tensors  vanish  according  to  Neumann's  principle.  Using  the  elastic 
Gibbs  free  energy  function  with  stress  (denoted  as  X),  electric  field  (E),  and  temperature  (T)  as  the 
independent  variables,  one  can  derive  the  following  in  heuristic  notation 

x=sX+MEE 

D  =  eqKE  +  2MEX»  (e0K  +  2MX)E 


'  V-' 


One  can  also  use  stress  and  polarization  (P)  as  the  independent  variables  and  obtains 

x-sXfQPP 

For  cubic  symmetry,  Q  and  M  are  related  by 

Q-M - 1 - - 

[  e0(  K  - 1 )  ] 


M  is  mostly  used  by  electrical  engineers,  which  tells  how  much  strain  is  developed  under  unit 
electrical  field.  On  the  other  hand,  Q  is  used  by  physicists,  which  tells  how  much  strain  is 
developed  by  introducing  polarization  in  the  materials.  As  the  electrostriction  coefficient  M  appears 
in  both  equations  for  x  and  D,  two  methods  for  measuring  the  electrostriction  coefficients  are 
possible-the  direct  method  and  the  converse  method.  The  direct  method  is  to  measure  the 
electrically  induced  strain.  The  widely  used  experimental  techniques  include  the  strain  gage  method 
and  the  ultrasensitive  dilatometer  method  which  employs  either  a  Michelson  interferometer,  Zhang, 
Pan  et  al  (1987)  or  a  capacitor  dilatometer,  Uchino  and  Cross  (1980*)-  The  strain  gage  method  is 
only  sensitive  to  large  strain  but  to  minute  strain.  The  dilatometer  method  is  well  suited  for  the 
oxide  perovskite  based  materials  which  have  large  M  coefficients.  However,  it  bec<uses  extremely 
difficult  for  low  permittivity  materials  such  as  KMnF3  with  small  M  coefficients,  because  one  has 


to  avoid  the  mechanical  resonance  induced  in  the  specimen  holder  and  must  perform  measurements 
under  very  low  electrical  and  mechanical  noise  environment  On  the  other  hand,  the  converse 
method  is  to  measure  the  minute  changes  in  the  dielectric  permittivity  in  tfa»mwiik  induced' by 
external  mechanical  stresses,  where  the  difficulty  is  to  make  the  precise  measurements  of  dielectric 
permittivity.  The  General  Radio  1621  precision  capacitance  measurement  system  does  provide 
sufficient  sensitivity  and  stability  to  handle  this  problem.  Generally  the  converse  method  is  easier 
and  more  stable  than  the  direct  method.  For  the  direct  method  the  equation  is 


2Mp 


k 


while  for  the  converse  method 


where  are  the  dielectric  permittivity  components.  Since  the  measurable  quantity  is  the 
capacitance 

e  K  A 

C  =  -2— — 


one  obtains 


ainC  9ln  K  9ln(A/d) 

“3x~s“3x“+“Jx  ■ 


The  two  terms  on  the  right  side  are  denoted  as 


„  anK 

V-33T 

„  dln(Vd) 

s.*— 3x~ 

Bj  and  Sj  are  respectively  linear  combinations  of  the  electrostricdon  coefficients  and  linear 
combinations  of  compliance  tensor  components.  Both  Bj  and  Sj  depend  on  the  crystal  orientations, 
which  are  denoted  by  the  subscript  i.  For  convenience,  the  Voigt  notation  is  used  on  the  second 
order  tensor.  KMn?3  has  m3ra  symmetry.  Therefore  a  second  order  tensor  such  as  the 
electrostriction  tensor  M  has  the  following  form 
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where  Mi  j,  Mjj.  and  M44  are  in  matrix  notation  and  are  related  to  tensor  notation  byMjj  = 

Mm  I*  *12  =  *1122*  and  M44  =  *Mj2i2-  Samples  in  disk  form  were  prepared  wirii  the  major 

faces  (100),  (110),  and  (1 1 1).  Uniaxial  stress  was  applied  perpendicular  to  the  majorfacesof  the 
disk..  From  Preu  and  Haussuhl  (1983),  the  effective  electrosmcnon  coefficients  are 
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*111  *  3  *11  +  3  *12  +  7  *44®  ~~2~  ^  ^  c”5x  ^U1+  T  ^  2s<4  *  *n  *^12^ 


If  the  sample  is  under  hydrostatic  pressure,  the  appropriate  coefficient  is 

The  sTjj  s  are  isothermal  elastic  compliances,  which  are  calculated  from  the  adiabatic  elastic 
constants  measured  by  the  ultrasonic  pulse  superposition  technique,  Cao  (1987). 


There  have  been  several  uniaxial  stress  compressometers  for  the  electrostriction  measurements, 
Meng  and  Cross  (1984),  Preu  and  Haussuhl  (1983).  Typically  single  crystal  disks  having 
geometry  of  diameter/thickness  being  23  mm/1.5  mm  were  prepared.  Then  gold  sputtering  or 
aluminum  evaporation  technique  is  used  to  make  electrodes  on  the  surfaces  of  samples.  A  guard 
ring  electrode  is  used  to  prevent  an  apparent  enhancement  in  the  dielectric  permittivity  due  to  the 
fringe  field.  However,  to  be  effective,  the  width  of  the  guard  should  be  at  least  twice  as  large  as  the 
thickness.  For  a  23  mm/1.5  mm  geometry  the  guard  should  be  3.5  mm  wide. 

Unfortunately  the  KMnFj  single  crystal  is  very  fragile.  The  crystal  can  easily  crack  in  the 

process  of  cutting  and  polishing  and  also  under  stresses.  To  surmount  this  problem,  smaller  single 
crystals  about  9  mm  in  diameter  and  2.0  mm  in  thickness  are  used-not  too  thin  to  crack  under 
mechanical  stresses.  However,  this  leaves  little  room  for  the  guard  ring;  therefore  one  makes  the 
electrode  covering  the  whole  surfaces.  It  will  be  shown  in  the  discussion  that  such  two  terminal 
geometry  is  also  adequate  for  converse  electrostriction  measurements  on  KM11F3. 

The  uniaxial  compressometer  built  by  Meng  and  Cross  (1985)  was  modified.  A  schematic 
drawing  of  the  compressometer  and  associated  equipment  is  shown  in  Fig.  1.  For  measurement  of 
the  capacitance,  a  General  Radio  1621  capacitance  measuring  system  was  used.  In  the  figure  are 
shown  the  main  parts  of  the  sample  holder  and  the  system  for  stress  application.  The  system  is 
designed  to  keep  the  pressure  homogeneous  and  stricdy  uniaxial,  the  temperature  stable  for  the 
period  of  measurement,  and  mechanical  vibration  isolated.  The  connections  so  the  sample 
capacitance  terminals  are  completely  electrically  shielded  The  uniaxial  stress  is  derived  from  a  dead 
weight  and  is  applied  to  the  sample  through  a  suitable  lever  arm.  In  the  pressure  cell,  ram 
extenders  are  used,  which  are  made  of  ordinary  glass  and  cut  stricdy  in  the  same  diameter  as  the 
sample.  A  very  thin  mylar  gasket  is  used  between  the  bronze  anvil  and  the  ram  surfaces  to  take  up 
any  surface  roughness.  Elaborate  temperature  control  was  found  unnecessary  for  the  system  since 
the  thermal  capacity  of  the  massive  stressing  jig  was  sufficient  to  smooth  out  any  temperature 
fluctuations  in  the  ambient  in  the  already  temperature  controlled  room. 

The  KMnFj  single  crystals  were  grown  by  a  modified  Bridgman  method.  The  starting  materials 

KHF2  and  MnF2  in  stoichiometric  proportion  were  pre-heated  at  350  °C  for  6  hours.  The 

diameter/thickness  dimensions  of  the  samples  for  (100),  (110),  and  (1 1 1)  orientations  are, 
respectively,  9.13  mm/2.27  mm,  7.45  mm/1.64  mm,  and  7.45  ram/  1.45  mm.  The  results  are 
shown  in  Fig.  2  and  summarized  in  Table  1.  The  electrostriction  measurements  were  made  under 
reasonable  stress  loadings  well  inside  the  elastic  limit  of  KMnFj  single  crystals.  The  value 
=0.22  M^C'^  (having  (X,  D)  as  independent  variables)is  taken  from  Uchino,  Cross,  et  al  (1984) 
so  as  to  give  a  check  on  the  present  measurements.  j,  M ^  and  M44  are  calculated  by  a  least 

square  fit,  the  fitting  error  is  found  to  be  less  than  0.8%. 

It  can  be  concluded  from  the  following  four  arguments  that  the  present  sample  geometry  gives 

reliable  results.  First  a  linear  dependence  of  AC/C  on  the  stress  X  was  obtained.  Second,  the 


capacitance  was  found  to  be  decreasing  with  stress,  which  is  opposite  to  the  influence  of  the 
fringe  field.  The  fringe  field  would  rather  increase  the  capacitance  when  a  uniaxial  stress  is  applied. 
Therefore  the  fringe  field  effect  is  at  least  not  dominant.  Third,  the  present  data  agree  well  (i.e., 
within 0.8%)  with  the  Qjj  value  in  the  literature.  Finally,  the  measurements  on  two  (111)  were 

made.  One  with  3  terminals  and  23  mm/1.5  mm  in  diameter /thickness  geometry,  and  the  other 
with  2  terminals  and  7.44  mm/1.5  mm  geometry.  The  results  of  these  two  measurements  agree 
well  with  each  other  within  13%. 

In  Table  2  the  electrostriction  coefficients  are  summarized.  As  can  be  seen,  and  compared  with 
data  for  other  compounds,  the  electrostriction  coefficients  are  very  much  structure  dependent;  those 
of  the  fluorites  CaF2>  BaFi.  and  SrF2  are  very  much  alike,  and  so  are  those  of  the  perovskites. 

However,  the  magnitude  of  electrostriction  coefficients  Q's  depends  upon  the  ionic  charges.  The 
larger  the  ionic  charge,  the  smaller  the  magnitude  of  electrostriction  coefficients  Q — this  is 
reasonable  because  if  one  assumes  that  a  certain  ionic  shift  causes  the  same  elastic  strain  in 
fluorides  and  oxides  on  the  basis  of  an  intuitive  "ion  rattling"  model,  then  the  electrostriction  Q 
coefficients  in  fluorides  are  expected  to  be  larger  because  the  lower  valencies  in  fluorides  result  in 
smaller  induced  polarizations. 

A  number  of  neutron  scattering,  Gesi  et  al  (1972)  and  ultrasonic  experiments,  Furukawa  et  al 
(1970)  have  been  made  around  the  improper  ferroelastic  phase  transition  at  186  K  of  KMnF3« 

V 

which  gives  information  on  the  dynamics  of  the  soft  mode  involvingihe  tilting  of  the 
MnFg-octahedra.  It  is  interesting  to  measure  the  temperature  dependence  of  the  electrostriction 

coefficients  in  order  to  determine  the  influence  of  the  ferroelastic  phase  transition  on  the 
electrostriction  effect.  This  work  is  now  under  way. 

The  authors  gratefully  acknowledge  the  suggestion  and  guidance  provided  by  Professor  G.R. 
Barsch.  This  work  has  been  supported  by  the  Office  of  Naval  Research  under  Contract  No. 
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Table  1.  Experimental  results  of  KMnF3  single  crystals. 


Table  2.  Electrostriction  coefficients  of  single  crystals. 


:>Qll  Ql2  Q44  ’Qh 


KMnF3 

2.72 

-.538 

6.58 

BaTi03 

CaF21| 

-1.32 

1.17 

5.07 

SrF2  H 

-1.16 

1.09 

5.38 

BaF->11 

-1.07 

1.23 

5.94 

453 

-.0896 

1.10 

11 

-.045 

.508 

.450 

1.95 

.340  .390 


M  cofficients  are  in  unit  of  10*^  M'^V^  and  Q  in  M4C^. 
*:  from  Uchino,  et  al ,  lq84. 

**:  from  Uchino  ,et  al,  1980r 
H:  from  Meng,  Sun  and  Cross,  1984. 
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The  longitudinal  electrostnction  tensor  component  Q, ,  in  polarization  notation  and  W, ,  in  electnc  field  notation  for 
sodium  tnsilicate  glass  and  sodium  aluminosilicate  glass  has  been  measured  by  the  concerse  method,  i.e.  bv  measuring  the 
slope  of  the  uruaxial  stress  dependence  of  the  dielectric  constant  at  various  frequencies.  For  sodium  tnsilicate  glass,  the  Qu 
coefficient  strongly  depends  on  the  frequence  at  which  the  capacitance  was  measured  and  shows  a  maximum  near  the 
frequency  of  ISO  Hz.  which  is  the  ionic  relaxation  frequency  of  the  glass.  For  sodium  aluminosilicate  glass,  the  relative  change 
in  the  dielectnc  constant  in  response  to  a  uniaxial  stress  was.  however,  found  to  be  much  smaller.  We  construct  a  sodium  ion 
hopping  model  to  explain  qualitatively  the  results. 
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The  longitudinal  dectrovinction  tenn-f  mr»-ncm  Q  m  polarization  notation  and  V/,,  m  electric  field  notation  for 
vodmm  tnsilicate  glass  and  sodium  alumina,  iivatc  giav%  been  measured  Hv  me  wonverse  method,  t.e.  bv  measuring  the 
slope  of  the  uniaxial  stress  dependence  of  tbe  Jicicutriv  won>tant  at  vjru<u>  irequenciev  For  sodium  tnsilicate  glass,  the  Q . ; 
coefficient  stronglv  depends  on  the  treuuenvv  -»t  wnich  the  capacitance  measured  and  >hows  4  maximum  near  the 
frequency  of  150  Hi.  which  is  the  ionic  reiaiuiion  trcMuenc\  of  the  glass  For  aluminosilicate  glass,  the  relative  change 

in  the  dielectnc  constant  in  response  to  a  uma\iai  stress  was.  however,  found  to  he  much  smaller.  We  construct  a  sodium  ion 
hopping  model  to  explain  qualuaiivelv  the  results 


1.  Introduction  with  simple  centric  structures,  but  except  for  high- 

permittivity  perovskite  structure  oxides,  reliable 

The  quadratic  electrostriction  effect  is  the  basic  values  of  the  separated  tensor  components  of  electro¬ 
electromechanical  coupling  effect  in  centric  crystals  striction  are  rare  .the  literature  [1  ].  In  the  case  of 

and  isotropic  glasses.  There  are  two  alternative  ex-  the  simple  alkali  halides,  even  the  signs  of  the  coeffi- 

perimental  approaches  to  the  measurement  of  elec-  cients  are  in  dour:  [2,3]  and  there  is  considerable 

trostriction;  the  direct  method,  which  is  to  measure  uncertainty  as  to  ;he  influence  of  the  defect  struc- 

directly  the  elastic  strain  induced  by  a  high  electrical  ture  upon  the  measured  values  [4] . 

field  and  the  converse  method,  in  which  the  thermo-  Glass  is  interesting  because  of  the  amorphous 

dynamically  equivalent  change  in  dielectric  stiffness  structure  and  metastability.  We  can  picture  the  silica 

under  mechanical  stress  is  measured.  Both  methods  glass,  from  Zachartasen.  to  be  a  random  but  contin- 

are  very  difficult.  In  the  direct  method,  the  electro-  uous.  network  of  (Si03 )-  -  tetrahedra.  Thermody- 

strictive  strain  levels  which  can  be  induced  at  a  real-  namically ,  the  glass  state  is  metastable,  i.e.  there  is 

izable  high  electric  field  on  low-permittivity  centric  always  a  crystalline  assembly  with  a  lower  Gibbs 

crystals  are  only  of  the  order  of  10"l°.  So  that  an  free  energy.  The  measurement  of  the  longitudinal 

ultradilatometer  or  interferometer  of  the  sensitivity  electrostriction  coefficient  of  glass  is  of  interest, 
of  10-13  m  is  the  only  possible  instrument  to  mea-  because  taken  in  conjunction  with  hydrostatic  mea¬ 

sure  the  minute  strain.  For  the  converse  method,  the  surements.  the  complete  electrostriction  tensor  can 
need  for  high  sensitivity  is  transferred  to  the  dielec-  be  defined. 

trie  measurement.  Modem  measunng  systems  like  It  has  been  suggested  that  electrostriction  is  re- 

the  General  Radio  1620  capacitance  bridge  do  have  sponsible  for  the  unusual  effects  of  electric  field 

the  sensitivity  and  stability  required,  but  there  is  upon  crack  propagation  in  glass  samples,  but  hereto- 

now  also  need  for  very  precise  temperature  control  fore,  reliable  experimental  electrostriction  data  on 

and  the  establishment  of  a  truly  uniaxial  stress  upon  representative  glasses  have  not  been  available, 
the  sample.  In  this  work,  the  converse  method  for  the  elec- 

So  far,  hydrostatic  electrostriction  coetfictents  trostriction  measurement  was  performed  on  sodium 

have  been  measured  for  several  insulator  crystals  trisilicate  glass  and  sodium  aluminosilicate  glass.  The 
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two  glasses  are  chosen  as  the  samples  tor  this  study 
because  the  ionic  relaxation  frequency  of  these  glass¬ 
es  are  close  to  ISO  Hz  at  mom  temperature,  within 
the  range  of  the  General  Radio  1620  capacitance 
measurement  system  used  for  the  converse  eiectro- 
striction  measurements. 


2.  Basic  principles 

Mil  it  l  and  G,,*/.  the  electrostrictive  coefficients  tn 
electric  field  and  polarization  notations,  respective¬ 


ly,  are  defined  by  the  relations: 

=  { *  V  3£v3f/lr  •  U ) 

and  by  applying  Maxwell’s  relations  to  eqs.  ( 1 )  and 

C), 

*//JW  *  1  (d&klldX(j)p  .  (3) 

Qnki a  -i  (^Xkil^x,,)p  .  (4) 


where  Xju  and  5W  are  the  components  of  the  dielec¬ 
tric  stiffness  and  dielectric  susceptibility,  respective¬ 
ly.  It  may  be  noted  for  materials  of  central  symmetry 
that 

Xfc/  =  l/5*/  *  l!eo(ekl  -  !)  -  (S) 

where  e0  is  the  permittivity  of  free  space  and  ekt 
the  components  of  the  relative  permittivity  tensor. 
Thus 

*i/fc/  ~  i  e0(bekilbXii)P  ,  (6) 

Qijkl  s  [co(ek/  _  *))  “"*;/JW  •  (?) 

=  [2£Q(fkl  -  I)1)'1  (*'klldXtf)P  .  (8) 

We  used  a  thin  circular  disk  of  the  specimen  for 
the  converse  method  of  measurement.  So  the  capa¬ 
citance  is  given  by 

C~e0eAld.  (9) 

The  change  of  permittivity  under  the  mechanical 
stress  is  related  to  the  change  in  the  capacitance  and 
the  geometry  change  under  stress: 

de/dX  ■  e(C-1  3C/3-T  -  S) ,  (10) 


where  5  is  the  appropriate  combination  of  the  com¬ 
ponents  of  the  compliance  tensor. 

Glass  is  isotropic,  so  its  dielectric  constant  tensor 
and  fourth-rank  tensor  m  Voigt  notation  have  the 
form : 

\  e  0  0  ! 

«=  0  e  0  i  .  (II) 
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where 


*44=4*1212**  X  J(*U  -  M12)a  2(iWu  -  ,W12). 

(13) 

For  the  longitudiru.  electrostriction  effect, Sin  eq. 
(10)  is 

S  =  -(s|j  -  2j{2)  =  ((l)/(9AO)  -  ((2)/(3m)) 

«((1)/(£))-((1)/(m))  (14) 

where  s,y  is  the  component  of  the  compliance  tensor 
in  Voigt  notation,  K  and  m  are  the  bulk  and  shear 
elastic  moduli,  respectively  [5  ] . 

3.  Experimental  procedures 

The  elastic  data  and  dielectric  data  for  sodium 
trisilicate  glass  can  be  found  in  refs.  [6,7], 

We  measured  the  sodium  aluminosilicate  glass. 

The  elastic  data  can  be  obtained  by  the  measurement 
of  the  density  and  the  longitudinal  and  transverse 
sound  speeds  in  the  ultrasonic  wave  pulse  superposi¬ 
tion  technique.  The  specimen  of  thickness  1 .393  cm 
was  measured  at  20  MHz  with  an  accuracy  of  one 
part  in  104.  The  elastic  data  are  summarized  in 
table  1 .  For  the  dielectric  measurement  of  sodium 
aluminosilicate  glass,  we  used  a  sample  in  the  form 
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Table  1 

Density,  sound  speeds,  and  elastic  data  ot  'he  sodium  trisilicate  class  and  sodium  aluminosilicate  class 

Material  a  C|  C\  E  K  u 

ik^dm-5!  im.si  im/si  (10®  Y  m- 1  1 10*  NmJ)  110®  Sim1) 

\ajO-3SiOj4)  -  53’4  3333  614  365  353 

sodium  aluminosilicate  3.41  53  39  5339  653  383  369 

4*  Data  taken  from  ref.  (6|. 
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0  319 
0  316 


of  a  circular  plate  23  mm  across  and  1 .5  mm  thick. 
We  evaporated  aluminum  electrodes  on  the  two 
planes  of  less  than  1  /am  roughness,  with  a  guard 
gap  0.1  mm  wide  and  16  mm  across  made  on  the 
“low"  electrode. 

The  dielectric  constant  and  dielectric  loss  of  the 
glass  was  measured  from  0.1  Hz  to  10  MHz.  10  kHz 
to  10  MHz  was  covered  using  a  Hewlett-Packard 
4274 A  multi-frequency  LCR  meter  and  100  Hz  to 
100  kHz  using  a  Hewlett-Packard  427SA  multi-fre¬ 
quency  LCR  meter. 

The  frequency  range  of  0.1  Hz  to  100  Hz  was  cov¬ 
ered  by  a  Sawyer-Tower  circuit  with  added  compen¬ 


sation  circuit.  We  adjust  to  a  horizontal  line  in  the 
oscilloscope  display  of  D  and  E  when  the  capaci¬ 
tance  and  conductance  is  exactly  matched  by  the 
parallel  combination  of  a  real  capacitor  and  resistor. 
Such  measurement  can  give  a  good  resolution  of  1 
pF  and  1  Mf2  in  capacitance  and  resistance,  respec¬ 
tively. 

K'.K"  and  o  (the  effective  conductivity)  as  func¬ 
tions  of  frequency  for  sodium  aluminosilicate  glass 
at  room  temperature  (22°C)  are  plotted  in  Fig.  1 . 

At  low  frequencies  K '  is  expected  to  level  off  at  a 
value  Kq.  But  the  electrode  polarization  effect  be¬ 
comes  dominant  .  ith  decreasing  frequency  starting 
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Fig  1  The  real  and  imaginary  parts  of  the  dielectric  constants  and  the  effective  conductivity  of  the  sodium  aluminosilicate  glass 
as  a  function  of  frequency 
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Fig.  2.  The  real  and  imaginary  paru  of  the  inverse  dielectric  constants  of  the  sodium  slur  nilicate  glass  and  Na^O  SSiO^  glass. 
•:  data  taken  from  ref.  (6|. 
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from  **20  Hz.  We  can  eliminate  the  electrode  polar¬ 
ization  effect  by  using  the  regime  of  the  complex 
inverse  dielectric  constant  or  electrical  modulus.  Af*. 
which  is  defined  as 

AT  =  1  iKm  =  1  (K‘  -iK“) 

*K'![(K’)2  +iK“)z  1  +  /T/((A">:  +  <A"):1 

=  .Vf'  +.Vf"  .  1 151 

Af '  and  A/"  as  functions  of  frequency  are  shown  in 
fig.  2.  They  just  show  relaxation  spectra.  The  \1“ 
curve  exhibits  a  clear  peak  near  150  Hz.  which  is 
the  so-called  relaxation  frequency.  The  plot  of  M" 
is  asymmetric  with  respect  to  the  peak  maximum, 
and  is  considerably  broader  on  both  sides  of  the 
maximum  than  would  be  for  a  single  dipole  relaxa¬ 
tion  time.  A  Cole— Cole  plot  of  M'  and  \f  "  is  shown 
in  fig.  3 . 

The  dc  compressometer  designed  and  built  by 
Meng  and  Cross  [1  ]  was  used  for  the  converse  meth¬ 
od  of  electrostriction  measurement.  The  capacitance 
decreases  in  response  to  the  uniaxial  stress  in  sodium 


trisilicate  glass  and  sodium  aluminosilicate  glass.  The 
Na->0-3Si0->  glass  was  measured  at  10  V.  various  fre¬ 
quencies  (tig.  4V.  the  sodium  aluminosilicate  glass  at 
10  V,  100  Hz:  30  V.  100  Hz  (fig.  5).  The  data  for 
vitreous  silica  glass  for  hydrostatic  pressure  were  ob¬ 
tained  by  taking  the  slope  -e'1  (de,d/*)j-  from 
Reitzel  [8], 

.All  data  are  summarized  in  table  2. 


4.  Discussion 

We  see  from  table  2  that  though  sodium  tnsilicate 
glass  and  sodium  aluminosilicate  glass  respond  dielec¬ 
trically  to  ac  electric  field  in  a  quite  similar  manner, 
they  respond  to  umaxial  stress  rather  differently. 

C  ~ 1  dC/dX  is  large  in  sodium  trisilicate  and  the  C 1 1 
of  the  glass  strongly  depends  on  the  frequency  at  which 
the  capacitance  was  measured  (fig.  6).  C-1  dC'dX 
of  sodium  aluminosilicate  glass  was,  however,  found 
to  be  smaller  and  the  Cu  of  sodium  aluminosilicate 
glass  does  not  change  so  much  with  frequency.  We  be* 
lieve  that  the  difference  between  the  sodium  trisilicate 


wn; axial  stress  -:<  oar) 


Fig.  4  Uniaxial  strew  dependence  ot  ihe  relative  change  of  capacitance  of  NajO  3SiOj  glass. 
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Fig.  5.  Uniaxial  stress  dependence  of  the  relative  change  of  capacitance  of  the  sodium  aluminosilicate  glass. 


Table  2 

Electrostnctive  coefficients  for  silica  glasses  and  quartz 


Material 

/ 

(Hz) 

K 

C~  1  3CI9X 
(10-“  Pa~l) 

Wu 

(lO-2®!#1  V-2) 

<?..  . 
im4  O'2) 

NijCHSiO, 

10J 

15.5 

18.1 

1  40 

0  851 

2  X  102 

13.8 

17  1 

1  19 

0.923 

4  x  102 

12.13 

13.5 

0  849 

0.874 

103 

11.3 

10.3 

0.631 

0.765 

to4 

9  36 

4.82 

0.297 

0.541 

4  X  104 

8.82 

2.95 

0.207 

0.430 

sodium  aluminosilicate 

103 

15.7 

12.4 

1  01 

0.599 

103 

10.2 

5  45 

0  346 

0519 

X-cut  quartz 

- 

4  34 

-0  06  :  0.02a) 

-0.69  :  0.23 

< it  axis) 

f 

K 

3«/9p 

<?h 

r 

\  Hz) 

tlO'u  Pa‘l 

) 

1 10" 20  m2 

V~:)  im4  C":) 

(4C) 

vitreous  silica 

2.5  x  103 

3  8 

1.62  b> 

0.0272 

0.443 

20 

2.5  x  103 

3  8 

1  35  b> 

0  0227 

0.370 
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Fig.  6.  Longitudinal  electroitnctive  coefficients  of  Na50  3Si0j  glass  and  the  sodium  aluminosilicate  glass  as  a  function  of  fre¬ 
quency. 


and  the  sodium  aluminosilicate  may  be  accounted  for 
qualitatively  in  the  following  manner. 

In  the  sodium  silicate  glass,  the  extra  oxygen  intro¬ 
duced  by  the  Na20  is  non-bridging  in  the  silicate  struc¬ 
ture.  The  addition  of  alumina  reduces  the  number  of 
these  non-bndging  oxygens  so  that  at  the  Al/Na  a  l 
ratio  all  have  been  eliminated.  Earlier  literature  on  the 
conduction  [10]  shows  that  the  activation  energy  for 
conduction  decreases  with  the  reduction  in  non-bridg- 
mg  oxygen  content  and  is  a  minimum  at  the  Al/Na  =  1 
ratio.  In  these  papers,  the  effect  is  attributed  to  the 
expansion  of  the  coordination  shell  in  the  silicate 
framework  about  the  Na*  ion,  with  the  reduction  in 
non-bndging  oxygen  content. 

It  was  proposed  that  this  change  in  volume  of  the 
coordination  shell  could  be  electrostatic  in  origin,  or 
could  be  due  to  the  modification  in  the  adjustment  of 
orbitals  interacting  with  the  sodium  ion  between  bndg- 
ing  and  non-bndging  oxygens. 

Whatever  the  ongin,  it  is  clear  that  if  the  Na*  ion  is 
in  an  expanded  cage,  hopping  of  the  Na*  ion  may  be 
accomplished  with  less  effect  on  the  geometry  of  the 
cage  structure  so  that  in  the  aluminosilicate  the  Na 


polarizability  contributes  less  strongly  to  electrostric- 
tion. 

When  the  sodium  ions  become  immobilized  at  very 
high  frequency,  the  electrostriction  reponse  must  be 
largely  that  of  the  unmodified  network,  and  it  is  in¬ 
teresting  to  note  that  in  vitreous  silica  Gh®*  0.443  m4 
C'2,  rather  close  to  the  highest  frequency  value  of 
Gji  for  the  tnsilicate  glass. 

Since  there  is  m  these  measurements  a  rather  clear 
evidence  of  the  role  of  the  network  modifier  in  chang¬ 
ing  the  electrostnctive  response,  it  will  be  most  inter¬ 
esting  to  explore  the  role  of  alternative  but  very  dif¬ 
ferent  network  modifiers  such  as  boron,  and  these 
studies  are  now  underway. 
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INVESTIGATIONS  OF  ELECTROSTRICTION  EFFECTS  IN  GLASS 
BY  UNIAXIAL  STRESS  COMPRESSOMETER 


Y  Sun  and  L.E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  L'ntversity 
University  Park,  PA  16802  U.S.A. 


Abstract 

In  order  to  understand  the  basic  principles  governing  the 
electrostntion  effect,  we  applied  the  converse  method  of 
electrostncnon  measurement  using  a  dc  uniaxial  compressometer 
on  three  glasses,  i.e.  sodium  trisilicate,  sodium  aluminosilicate 
and  Coming  7070  (borosilicate).  A  most  important  finding  is 
that  the  polarization  based  longitudinal  electrostr.ctive  coefficient 
Ql  i  has  opposite  sign  between  the  silicate,  aluminosilicate  and 

the  borosilicate.  that  is  Qj  jis  positive  for  silicate  and 
aluminosililcate  but  negative  for  the  borosilicate.  Qj  j  of  the 

sodium  msilicate  glass  shows  a  strong  dependence  on  the 
frequency  at  which  the  capacitance  was  measured,  with  a  peak 
value  near  150Hz,  which  is  the  ionic  relaxation  frequency  of 
this  glass  at  room  temperature.  For  the  sodium  aluminosilicate 
and  the  Coming  7070  glass,  however,  Q[  i  s  show  little 
dependence  on  the  frequency.  The  results  indicate  that  the 
hopping  of  the  sodium  ion  contributes  significantly  to  the 
electrostntion  effect  in  glass  and  that  Al3+  and  B3+  network 
modifier  ions  have  different  effects  on  the  electrostriction. 


Electrostnction  is  the  basic  coupling  mechanism  between 
dielectnc  polanzahon  and  elastic  strain  m  centric  crystals  and 
isotropic  insulators.  Data  are  now  available  for  electrostriction 
constants  w  a  number  of  ferroelectric  crystals,  in  alkali  halides 
and  in  fluonte  structure  crystals.  In  order  to  understand  the  basic 
principles  governing  the  electrostriction  effect,  we  investigated 
the  electrostriction  effect  in  glass.  The  purpose  of  this  work  is  to 
understand  the  roles  played  by  alkali  ions  like  sodium,  the 
network  modifiers  such  as  Al3*  and  B3*  in  the  electrostnction 
effect.  In  this  paper,  work  is  reported  which  measures  the 
longitudinal  electrostriction  constants  Qj  t  for  a  number  of 


silicate  glasses. 

A  simplification  in  the  glass  system  is  that  they  are  isotropic 
since  the  longitudinal  electrostriction  data  can  be  combined  with 
hydrostatic  coefficients  Qj,  and  M^,  and  the  whole 
electrostriction  tensor  determined.  The  data  are  also  of  practical 
value,  as  they  can  be  used  to  investigate  the  unusual  effects  of 
electnc  field  upon  crack  propagation  in  glass,  which  are  believed 
to  be  electrostrictive  in  origin. 

We  chose  sqdium  tnailicate,  sodium  aluminosilicate 
(25. 8  mol  %  NajO.ASmsi*-*^,  and  69.7mol%  SiCty,  and 
Coming  7070(borosilirair.  fathwal expansion)  for  reasons 
stated  as  follows.  Sodiunrtonsamqeue-Dnbile  ar  glass,  they 
are  the  so  called  fast  ions.  Such  a  fast  mobility  of  sodium  ions 
gives  nse  to  the  ionic  relaxation.  The  first  two  glasses  were 
chosen  because  the  ionic  relaxation  in  them  are  near  150Hz  at 
room  temperature,  within  the  measuring  range  of  our  precision 
capacitance  measurement  system.  Finally,  we  contrast  the 
sodium  aluminosilicate  and  Coming  7070  to  learn  the  effect  of 
Al3*  and  B3*as  network  modifiers. 

The  converse  method  for  the  measurement  of  electrostriction 
was  performed  on  sodium  trisilicate,  sodium  aluminosilicate, 
and  Coming  7070  glass  using  the  uniaxial  compressometer 
designed  and  built  by  Meng  and  Cross!  1].  The  basic  principles 
for  the  convene  method  were  described  in  details 
e!sewhere[l,2].  The  point  is  that  the  electrostncttve  coefficients 
can  be  obtained  through  the  measurement  of  the  slope  of  the 
capacitance  change  in  response  to  uniaxial  stress. 

The  elastic  data,  dielectric  data,  and  the  uniaxial  stress 
dependence  of  the  capacitance  are  needed  to  calculate  the 
electrostrictive  coefficients.  Also  the  dielectnc  spectra  are 
essential  to  analyze  the  ionic  relaxation.  The  elastic  data  are  for 
calculation  of  the  elastic  deformation  of  the  specimen  under 
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uniaxial  stress.  The  elastic  and  dielectric  data  for  sodium 
tnsilicate  glass  were  found  in  [3,4],  those  for  Coming  7070 
glass  were  supplied  from  Coming. 


Table  I. 

The  elastic  data  of  the  sodium  tnsilicate  glass,  the  sodium 
aluminosilicate  and  Coming  7070  glass. 


Materials 

E 

108N/m2 

B 

108N/m2 

*  o  , 

108N7m- 

a 

Na20-3Si02* 

Sodium 

614 

365 

252 

219 

aluminosilicate 

653 

3S3 

269 

216 

Coming  7070  •• 

466 

278 

191 

.22 

*:  Data  taken  from  tj.07 Karapetyan,  et  al  (3). 
**:  Data  Supplied  by  Coming. 


We  measured  the  sodium  aluminosilicate  glass.  The  elastic 
data  can  be  obtained  by  the  measurement  of  the  density  and  the 
longitudinal  and  transverse  sound  velocities  in  the  ultrasonic 
wave  pulse  superposition  technique.  The  specimen  of  thickness 
1.393  cm  was  measured  at  20  MHz  with  the  accuracy  of  one  in 
104.  The  elastic  data  arc  summarized  in  Table  I.  The  dielectric 
constant  and  dielectric  loss  of  the  glass  was  measured  from 
0. 1Hz  to  10MHz.  The  frequency  range  from  10  kHz  to  10MHz 
was  covered  using  a  Hewlett  Packard  4274A  multi-frequency 
LCR  meter  and  100 Hz  to  100kHz  using  another,  Hewlett 
Packard  4275A  multi-frequency  LCR  meter.  The  frequency 
range  of  0. 1Hz  to  100Hz  was  covered  by  a  Sawyer-Tower 
circuit  with  added  compensation  circuit.  Such  measurement  can 

give  a  good  resolution  of  1  pF  and  1MQ  in  capacitance  and 
resistance,  respectively. 

K',  K"  and  o  (the  effective  conductivity)  as  functions  of 
frequency  foe  sodium  aluminosilicate  glass  at  room  temperature 

(22°Q  are  plotted  in  Fig.  1.  At  low  frequencies  K’  is  expected  to 
level  off  at  a  value  Kq.  But  the  electrode  polarizauon  effect 

becomes  dominant  with  decreasing  frequency  starting  from 
about  20Hz.  We  can  eliminate  the  electrode  polarizauon  effect 
by  using  the  regime  of  the  complex  inverse  dielectric  constant  or 
electrical  modulus,  M*.  which  is  defined  as: 

M*  -  l/K* 

-  1  /  (K'-iK") 


FREQUENCY  Oixl 

Fig.  1 .  The  real  and  imaginary  para  of  dielectric  constants  and  effective 
conductivity  of  the  sodium  aluminosilicate  glass  as  functions  of  frequency 


Fig.  2.  The  real  and  imaginary  pare  of  the  inverse  dielectric  constants  of  the 
sodium  aluminosilicate  glass  and  the  NajO-JSiOj  glass. 

*  Data  taken  from  Provenzano.  et  al  (4], 

-  K7  (K,2*K"2)  +  iK”/ (K'2  +  K"2) 

-  M'  +  iM" 

M’  and  M”  as  functions  of  frequency  are  shown  in  Fig.  2. 
They  just  show  relaxation  spectra.  The  M"  curve  exhibits  a  clear 
peak  near  150Hz,  which  is  the  so-called  relaxation  frequency. 
The  piot  of  M”  is  asymmetric  with  respect  to  the  peak 
maximum,  and  is  considerably  broader  on  both  sides  of  the 
maximum  than  would  be  for  a  single  dipole  relaxation  time. 

That  means  a  distribution  of  relaxation  frequencies  around 
150Hz. 

The  dc  compressometerdesigned  and  built  by  Meng  and 
Cross  was  used  for  the  converse  method  of  electrostriction 
measurement.  The  Na20-3St02  glass  was  measured  at  10V  and 
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Fig.  3.  The  relative  change  in  capacitance  of  glasses  in  response  to  uniaxial 
stress,  (a).  Na^O- JS1O2.  (b).  the  sodium  aluminosilxaie.  and  (c).  the 
Coming  7070  glass  tboroatlicate). 

various  frequencies  (Fig.  3).  The  sodium  aluminosilicate  glass 
at  10V  and  100 Ha,  30V  and  1kHz.  The  Coming  7070  glass  was 
measured  at  10V  and  lOOHa,  lkHa  and  40kHz  The  properties 
of  this  glass  stay  almost  unchanged  in  a  very  wide  frequency 
range  at  room  temperature,  which  is  because  there  is  no  ionic 
relaxation  in  this  glass.  The  data  for  vitreous  silica  glass  for 


••Data  read  from  Reitzel,  John. 


For  the  sodium  trisilicate  glass  and  sodium  aluminosilicate 
glass  there  is  a  decrease  in  capacitance  under  uniaxial 
compression,  but  an  increase  in  Coming  7070  glass.  As  is 
shown  in  Fig.  4.  the  polarization  based  longitudinal 
electrostnccion  coefficient  Q[  1  of  the  sodium  trisilicate  glass 
shows  a  strong  dependence  on  the  frequency  at  which  the 
capacitance  is  measured,  with  a  peak  near  150Hz,  which  is  just 
the  ionic  relaxation  frequency  of  this  glass  at  room  temperature. 
For  the  sodium  aluminosilicate  glass  and  the  Coming  7070 
glass,  however,  Qj  fs  show  little  dependence  on  the  frequency. 

A  most  important  finding  is  that  Qj  j  has  opposite  sign  between 

the  silicate  and  aluminosilicate  and  the  boros ili cate  glass.  We 
believe  that  this  may  be  related  to  the  difference  between 
Ap*- modified  and  B-5*- modified  (S1O2)  random  networks.  It 

may  be  of  significant  interest  to  now  look  for  glasses  which 
combine  these  properties  so  as  to  have  zero  electrostriction. 


We  see  from  Table  H  that  though  sodium  trisilicate  glass  and 
sodium  aluminosilicate  glass  respond  dielectrically  to  ac  electric 
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Fig.  4  Th«  longitudinal  eleetrostrictive  coefficients  of  NaiO  •  3SiCk  glass 
and  die  sodium  aluminosilicate  glass  as  functions  of  frequency. 


field  in  a  quite  similarly  manner,  they  respond  to  umaxial  stress 
rather  differently.  The  magnitude  of  1/C*3C/8X  is  large  tn 
sodium  trisilicate  and  the  Qj  j  value  of  this  glass  strongly 
depends  on  the  frequency  at  which  the  capacitance  was 
measured.  1/C-dCdX  of  sodium  aluminosilicate  glass  was, 
however,  found  to  be  smaller  and  the  Q  j  j  of  sodium 
aluminosilicate  glass  does  not  change  so  much  with  frequency. 
We  believe  that  the  difference  between  the  sodium  tnsilicate  and 
the  sodium  aluminosilicate  may  be  accounted  for  qualitatively  in 
the  following  manner.  In  the  sodium  silicate  glass,  the  extra 
oxygen  introduced  by  the  NaoO  is  non-bridging  in  the  silicate 
structure.  The  addition  of  alumina  reduces  the  number  of  these 
non-bridging  oxygens  so  that  at  the  A1  /Na  »  1  ratio  all  have 
been  eliminated.  Earlier  literature  on  the  conduction  [6]  shows 
that  the  activation  energy  for  conduction  decreases  with  the 
reduction  in  non-bridging  oxygen  content  and  is  a  minimum  at 
the  At  /  Na  -  1  ratio.  In  these  papers,  the  effect  is  attributed  to 
the  expansion  of  the  coordination  shell  in  the  silicate  framework 
about  the  Ns*  ion,  with  the  reduction  in  non-bridging  oxygen 
content  It  was  proposed  that  this  change  in  volume  of  the 
coordination  shell  could  be  electrostatic  in  origin,  or  could  be 
due  to  the  modification  in  the  adjustment  of  orbitals  interacting 
with  the  sodium  ion  between  bridging  and  non-bridging 
oxygens.  Whatever  the  origin,  it  is  clear  that  the  Na+  ion  is  in  an 
expanded  cage,  hopping  of  the  Na*  may  be  accomplished  with 
less  effect  on  the  geometry  of  the  cage  structure  so  that  in  the 
aluminosilicate  the  Na  polarizability  contributes  less  strongly  to 
the  electrostnction. 


Fig.  J.  The  aging  effect  m  the  capacitance  of  the  Coming  ‘070  glass. 

When  the  sodium  ions  become  immobilized  at  very  high 
frequency,  the  electrostnction  response  must  be  largely  that  of 
the  unmodified  network,  and  it  is  interesting  to  note  that  in 

vitreous  silica  Qj,  -  0.443  m4C"^,  rather  close  to  the  highest 

frequency  value  of  Qi  i  for  the  trisilicate  glass. 

The  aging  effect  in  capacitance  when  loading  and  unloading 
the  uniaxial  stress  was  studied  through  measurements  on  the 
Coming  7070  glass  specimen  (Fig.  6)..  The  results  can  be 
explained  from  the  elastic  after  effects  in  glass.  We  reduce  this 
effect  by  taking  the  capacitance  measurement  immediately  after 
the  loading  or  unloading  though  the  level  of  the  aging  effect  is 
small  compared  with  the  increment  due  to  the  electrostnction. 
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Earlier  studies  in  the  laboratory  (I)  have  >hown  no 
evidence  of  dielectric  ageing  phenomena  in  lead 
magnesium  niobate  PbiMg  Nb.  it)  1PMN1  or  in 
lead  magnesium  niobate  lead  titanate  Milid  volutionv 
iPbMg.'sb;  ,0,  PbTiO  I  ;P\|N  PTi  although  all 
compositions  up  to  I  3  mol  %  PbTiO  lddition  >how 
ferroelectric  relaxor  character  Studies  of  the  PLZT 
relaxor  compositions  (2).  however,  and  also  strontium 
barium  niobate  (SB.Mi  materials  [3j  show  significant 
ageing  phenomena.  In  seeking  the  difference  between 
these  two  families  of  relaxors.  it  mat  be  noted  that  the 
PLZT  and  SBN  are  mtnnsicalK  defective  '  in  the  sense 
that  in  the  stoichiometric  composition  not  all  sites  for 
the  cations  are  occupied  while  in  the  PM\  derived 
compositions  the  structure  is  tully  "stuffed"  and  has 
all  lattice  sites  occupied. 

To  explore  further  the  role  of  defects  in  the  ageing 
phenomena  in  relaxors.  PMN  10  mol  “a  PT  com¬ 
positions  have  been  fabricated  with  a  O.lmol% 
doping  of  MnO.  The  work  reported  here  shows  that 
these  doped  ceramics  show  ageing  effects  similar  in 
many  respects  to  the  PLZT  relaxor  compositions. 

Ceramic  samples  of  PMN  10° a  PT  for  use  in  this 
study  were  prepared  using  the  pre-reaction  of  MgO 
and  Nb-O,  to  form  first  the  columbite  structure  pre¬ 
cursor  in  the  manner  discussed  in  earlier  papers  [4.  5]. 
For  the  doping  studies.  MnO  was  introduced  using  a 
dilute  Mn(NO,);  solution,  added  to  the  calcine.  Final 
sintered  samples  were  all  above  97%  theoretical  den¬ 
sity  and  were  shown  by  X-ray  diffraction  to  be  free  of 
pyrochlore  phase  contamination. 

For  ageing  studies,  disk-shaped  samples  were 
equipped  with  chrome  gold  electrodes  on  the  major 
faces.  Ageing  was  accomplished  by  first  heating  the 
sample  above  150  C  to  relieve  all  earlier  ageing,  then 
bringing  the  sample  down  to  a  fixed  temperature  and 
starting  the  measuring  clock  Room-temperature  age¬ 
ing  was  earned  out  in  a  dessicator  in  the  air- 
conditioned  laboratory  space  1 22  to  28  C>  The  40  C 
ageing  runs  were  carried  through  in  a  heated  plexol  oil 
bath  with  temperature  fluctuation  less  than  r0.5  C 
The  -  15  C  runs  were  carried  out  in  a  commercial 
freezer  with  a  measured  temperature  variation  of 
;2  C.  All  runs  were  carried  out  with  the  sample 
under  open  circuit  conditions,  connection  being  made 
at  intervals  to  establish  the  capacitance  and  loss  but 
then  relieved  for  the  ageing  time 

The  permittivity-temperature  runs  were  made  in  a 
computer-controlled  environment  chamber  (Delta 
Design  Model  2300)  using  liquid  nitrogen  as  the 
coolant.  The  sample  was  put  into  the  chamber  at  a 


temperature  below  the  ageing  temperature,  the  tem¬ 
peratures  were  then  lowered  to  -  '0  C  and  the  dielec¬ 
tric  properties  were  measured  during  heating  at 
4  C  min  For  cooling  runs,  the  samples  were  heated 
to  I'1)  C.  kept  Jt  that  temperature  for  .  h.  then 
measured  as  the  temperature  was  lowered  at 
4  C  min  down  to  -’0  C  Dielectric  properties 
were  measured  using  the  Hewlett  packard  LCR  meter 
i model  42,4A)  under  computer  control  covering  a 
frequency  range  from  100  Hz  to  100  kHz  with  neld 
strength  less  than  1 00  V  cm  1 

Hysteresis  loops  were  measured  with  a  Sawyer  and 
Tower  system  [6]  under  0  I  Hz  frequency  driving  field 
The  aged  sample  was  measured  without  any  prior 
heating  above  the  ageing  temperature.  The  a  c.  de-aged 
sample  was  measured  by  applying  a  10  Hz  field  of 
20kVcm  1  for  20  min  and  measuring  with  0  I  Hz 
field.  The  thermally  de-aged  sample  was  measured 
after  healing  the  sample  above  the  Cune  range  and 
measuring  as  soonas  the  temperature  reached  room 
temperature. 

Fig  la  shows  the  vanation  of  frequency  dispersion 
with  temperature.  The  curves  may  be  divided  into  four 
regions  ii)A  low-temperature  region  (below  10  Cl 
where  the  frequency  dispersions  for  both  aged  and 
deaged  samples  are  similar.  In)  A  region  of  decreasing 
dispersion  1 10  to  25  C)  ending  at  the  ageing  tem¬ 
perature.  nil)  A  region  of  very  markedly  reduced  dis¬ 
persion  for  the  aged  samples  ( 25  to  60  C)  between  the 
ageing  temperature  and  a  temperature  above  that  of 
the  permittivity  peaks  The  dispersion  reduction  due 
to  ageing  in  this  region  is  more  pronounced  than  that 
observed  by  Schulze  et  al.  [I]  in  PLZT  nvi  A  para- 
electric  region  (about  60  C)  with  no  ipparent  ageing 
or  dispersion. 

In  Fig  lb.  the  loss  tangents  against  temperature 
may  be  divided  into  three  regions,  id  A  region  where 
the  tan  o  of  the  aged  sample  are  slightly  greater  than 
those  of  the  de-aged  samples  but  with  similar  frequency 
dispersion,  in)  A  region  where  the  tan  o  of  the  aged 
sample  are  markedly  less  than  those  of  de-aged  samples 
especially  at  the  ageing  temperature  uni  A  region 
(above  55  C)  where  the  tan  o  for  aged  and  de-aged 
samples  are  the  same. 

Fig.  2  shows  the  variation  of  the  frequency  disper¬ 
sion  with  temperature  for  a  PMN  -  10%  PT  relaxor 
ceramics  without  MnO  doping,  which  is  typical  for  all 
undoped  samples  which  do  not  show  ageing 

Fig.  3  shows  the  effect  of  ageing  time  on  the  dielec¬ 
tric  constants.  In  the  vicinity  of  the  ageing  tem¬ 
perature.  a  decrease  of  the  dielectric  permittivity  wnh 
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Figure  I  ui  Dtctewinc  pcrmi!<.iM(>  jnu  « H » sUcrcwtru.  io>*  undent  i^msi  temperature  lor  i  PbM|,  ,  Nb:  0  i/>«iPt>TiO,  i., .  ceramic  dopcO  *m 
0  I  mol  ’«  MnO  Svmu  wurvo  'he  .uu  •Nam«j  alter  j$ctn*  lor  lutjOh  at  2)  C  Dotted  cur>«  >ho*  dau  for  a  >ample  ironiv  Je  a^ed 
at  I0<)  C  tor  jOmm  Fregucr^io  .«i  measurement  arc  as  WlustratevJ 

increasing  ageing  time  was  observed  Below  ami  above  is  now  an  obvious  ageing  effect  which  is  in  mans 

this  region,  the  variation  oi  dielectric  constant  with  respects  similar  to  that  observed  earlier  in  the  reuxor 

ageing  time  is  reduced.  ferroelectric  PLZT  compositions  [2]. 

Fig.  4  shows  the  effects  of  ageing  temperature  on  It  has  been  suggested  that  for  both  normal  and 
the  dielectric  constant  against  temperature  curves.  relaxor  ferroelectncs  an  essential  ingredient  of  the 

The  saddle  point  occurring  at  the  ageing  temperature  ageing  process  is  a  lattice  defect  which  has  polar 

shifts  as  the  ageing  temperature  is  changed.  Low-  character  (7],  The  suggested  model  is  that  the  polar 

temperature  ageing  was  observed  to  have  less  effect  on  defect  couples  to  the  P,  vector  In  the  domain  or 

the  dielectric  constant  as  observed  in  Curve  C  I  Fig.  4)  microdomain  and  readjusts  its  orientation  slowly  so  as 

probably  because  of  the  much  reduced  ageing  rate  at  to  minimize  the  energy  of  the  system  [8].  If  defect 

the  lower  temperature.  As  observed  m  Fig.  4.  Curve  C.  orientation  is  thermally  activated,  ageing  proceeds 
a  minimum  of  dielectric  constant  m  the  ageing  tem-  much  more  slowly  at  low  temperature  than  at  high, 

perature  observed  for  the  higher  temperatures  was  not  Clearly  if  the  energy  is  minimized  for  an  existing 

obvious  in  the  curve  for  the  lowest  temperature.  domain  orientation,  switching  from  that  orientation 

Fig.  5a  shows  the  loop  of  an  aged  sample.  A  double  will  be  inhibited.  Thus  if  the  bulk  sample  is  unpoied. 

loop  with  a  slim  portion  in  the  low-held  region  was  a  balanced  array  of  domains  will  stabilize  and  the 
observed.  Fig.  5b  shows  the  loop  of  the  above  aged  nonpoiar  state  will  be  preferred,  leading  to  a  well 

sample  after  20  mm  under  a  10  Hz  field  of  20  kV  cm  1 .  defined  waist  in  the  hysteresis  loop.  If.  however,  the 

The  slim  portion  gradually  disappears.  Fig.  5c  shows  sample  is  cycled  over  a  saturated  loop,  the  domain 

the  loop  for  the  thermally  de-aged  sample.  The  absence  vectors  will  spend  almost  as  much  time  away  from  the 

of  the  waisted  loop  character  is  obvious.  Fig.  5d  shows  aged-in  polar  defect  direction  as  they  do  in  this  direc¬ 
tive  loop  for  a  sample  which  was  free  from  MnO  non:  and  thus,  slowly  the  waist  of  the  loop  will  be  lost 

doping.  Again  a  loop  with  no  waisted  character  was  as  the  defects  randomize. 

evident  immediately  upon  first  application  of  the  field.  The  suggestion  for  PMN  is  that  in  the  stoichio- 
The  data  presented  in  Fig.  2  confirm  that  as  indi-  metric  composition  there  is  a  very  low  concentra- 

cated  by  earlier  measurements  there  is  no  obvious  non  of  defects,  and  thus  no  obvious  ageing.  In  the 

ageing  effect  in  a  PMN  :  PT  composition.  However,  in  MnO  doped  composition,  however,  the  aliovalent 

the  samples  of  PMN  doped  with  0.1  mol  %  MnO  there  manganese  is  presumably  compensated  by  oxygen 


Figure  -  Dielectric  permuiivnv  against  temperature  tor  a  pure 
iPbMj,  ,  Nb.  ,0.1,,  i  PbTiO.  i, ,  ceramic  alter  ageing  tor  I00OH  at 
:j  C 


Fttvrt  1  Effects  of  ageing  time  on  the  100  Hi  dielectric  permittivnv 
against  temperaiure  curves  on  tPbMg,  ,Nb;  ,0,  b.tPbTiO,  v, 
ceramic  doped  with  0  I  mol  *  t  MnO 
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F:\iurv  i  Fifed  of  ageing  temperature  -n  *nc  '"’M/  Jielectrte  per- 
nmtmtv  aguinM  temperature  :n  <’  '  m»*i  Mn(  > doped  PMS  !<»••.. 
PT  Sotui  curves  arc  lor  aged  'ampio  t  ar.e  \  *«'h.»t4»  L  (  urve 
8  l»»h  jt  23  C.  Curve  C  :,*»n  '  v  Oa-vneu  vurvo  arc  lor 

■fe-vmv  Je  aged  mfttplc* 

vacancies  providing  the  thermally  activated  detect 
dipole  pair  which  is  the  ewential  component  tor 
ageing. 

Both  PMN  and  PMN  PT  are  relaxor  ferroelectric*, 
and  here  as  in  the  PLZT  relaxors.  there  is  a  very 
obvious  preferential  ageing  of  the  dispersive  com¬ 
ponent  of  the  permittivity.  In  PLZT.  because  of  the 
valence  of  lanthanum  in  the  solid  solution,  ail  samples 
are  necessarily  "defective  "  with  lead  vacancies  the 
most  probable  defect  species.  Thus  it  is  certainly  not 
unexpected  that  all  PLZT  relaxors  exhibit  ageing. 

For  PMN:  I00.o  PT  0.1  “a  MnO.  the  asymmetry  of 
i  he  elimination  of  the  dispersive  component  for  tem¬ 
peratures  above  that  of  the  ageing  temperature,  and 


the  re-emergence  of  ageing  below  that  temperature  is 
extreme  and  strongly  suggests  that  the  polar  micro¬ 
regions  responsible  for  the  superparaelectnc  disper- 
vion  are  stabilized  by  a  volume  distribution  of  defect 
dipoles.  Thus  on  heating  when  one  is  emerging  intv 
the  paraelectnc  phase,  all  material  in  the  polar  regions 
is  still  aged:  on  cooling,  however,  new  unaged  material 
will  be  falling  into  the  polar  phase  and  will  therefore 
be  able  to  reorient  under  held  and  re-establish  :he 
dispersive  component  of  permittivity 

From  the  dielectric  hysteresis  date,  it  is  evident  that 
the  high  held  can  effect  an  amalgamation  ol  micro- 
regions  into  macrodomains  which  switch  with  the 
held,  thus  eliminating  the  preferred  orientation  and 
effectively  de-ageing  the  sample  as  in  a  normal  ferro¬ 
electric. 
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Figure  5  i a)  Dielectric  hysteresis  loop  of  a 
0  l  mol 11  *  MnO  PMN  10* •  PT  sample  aged  at 
23  C  for  100 h  ibi  Hysteresis  loop  of  a.c.  de¬ 
aged  sample  driven  for  20  min  <o  Hysteresis 
loop  for  a  sample  freshly  thermally  de-aged  by 
heating  to  160  C  for  30 min  id)  Hysteresis  m 
an  undoped  PMN  10%  PT  sample 
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A8STRACT 

Lead  magnesium  niobate-lead  titanate  (PMN-PT) 
ceramics  have  been  sintered  at  low  temoeratures  by 
PbO  atmosphere  control,  or  with  additions  of  excess 
PbO.  The  densiflcatlon  and  dielectric  ccoenties 
were  extremely  sensitive  to  sintering  conditions 
and/or  the  amount  of  excess  PbO.  Stoichiometric 
PMN-PT  ceramics  could  not  be  densified  at  1000°C  in 
air,  due  to  PbO  volatilization.  However,  when 
sintered  in  a  PbO  atmosphere,  densities  approaching 
981  theoretical  were  achieved  at  1000°C ,  with 
maximum  dielectric  constants  of  17500.  Excess  PbO 
(1  and  3  wtt)  allowed  for  PMN-PT  ceramics  to  be 
densified  at  temperatures  as  low  as  900°C  in  air. 
However,  samples  sintered  with  excess  PbO  exhibited 
inferior  dielectric  properties  (lower  dielectric 
constants  and  transition  temperatures,  along  with 
significant  dielectric  ageing),  even  though  most  of 
the  PbO  was  driven  off  during  sintering. 


INTRODUCTION 


Over  the  past  few  years,  there  has  been  much 
interest  In  lead-based  perovskite  relaxor 
ferroelectrics,  such  as  PbMg. /3Nb- ...0,  (PMN), 
because  of  their  high  dielectric  constants  and 
their  potential  for  low  firing  temperatures  [1-7]. 
The  development  of  these  materials  has  been 


PbO  stoichiometry  was  attempted  with  two  methods, 
by  sintering  stoichiometric  PMN  ceramics  in  a  PbO 
atmosphere,  and  by  adding  an  excess  of  PbO  into  the 
starting  compositions,  and  sintering  in  air.  with 
these  two  methods,  PMN  ceramics  with  densities  of 
up  to  98*  theoretical  were  sintered  at  temperatures 
in  the  range  of  900  to  1000°C.  The  effects  of 
excess  PbO  on  the  sintering  behavior  and  dielectric 
properties,  were  studied  systematically,  and  the 
results  will  be  reported  In  this  paper. 

The  addition  of  excess 'PbO  to  PMN  has  been 
employed  previously.  A  liquid-phase  at  830°C  in 
the  PbO-Nb-O-  system  was  reported,  and  this  was 
exploited  to^inter  PMN  at  low  temperatures. 

Excess  PbO  was  added  to  PMN  powders  prepared  by 
calcination  of  oxides,  and  a  complicated  firing 
schedule  (maximum  temperatures  of  900  to  1000°C) 
resulted  tm  phase-pure  PMN  with  good  density  and 
excellent  dtelectrtc  properties  [5,6].  In  these 
studies,  the  excess  PbO  was  added  to  stabilize  the 
perovskite  pnase,  and  lower  sintering  temperatures 
resulted.  No  systematic  study  of  the  effects  of 
excess  PbO  on  the  densiflcatlon,  PbO  weight  loss, 
and  resultant  dielectric  properties  has  been 
reported.  In  the  present  investigation,  the  use  of 
the  columbite  approach,  along  with  the  addition  of 
excess  PbO,  allowed  for  such  a  study  to  be  made. 


EXPERIMENTAL  PROCEDURE 


hindered  by  processing  difficulties,  i.e.,  the 
appearance  of  a  parasitic  lead  nlobate-based 
pyrochlore  phase  during  ceramic  fabrication 
[1,3,4].  Recently,  some  Improved  techniques  have 
been  developed  that  allow  for  the  preparation  of 
pyrochlore-free  PMN  [1,2, 5-7],  One  of  these 
methods,  referred  to  as  the  columbite  approach, 
involves  the  pre-reaction  of  MgO  and  Nb-O-  to  form 
the  columbite  MgNb20fi,  prior  to  the  addition  of  PbO 
[1],  This  results^ln  the  direct  formation  of 
perovskite,  and  the  pyrochlore  phase  is  avoided. 

PMN  ceramics  prepared  by  this  process  were  shown  to 
have  excellent  dielectric  properties,  as  compared 
to  PMN  ceramics  prepared  by  conventional  mixed 
oxides  processing  [2],  The  columbite  approach  has 
also  proven  to  be  an  effective  and  reproducible 
fabrication  technique  for  several  other  lead-based 
complex  perovskites  [8-11], 


The  sintering  of  PMN  ceramics  is  complicated 
by  the  loss  of  PbO  through  volatilization.  If  PbO 
loss  is  not  controlled,  the  sintering  and  resultant 
dielectric  properties  of  PMN  ceramics  are  adverse’y 
affected.  In  this  investigation,  the  control  of 


The  compositions  studied  were  based  on  PMN 
with  7.5  mole  percent  PbTiO..  The  PbTiO.  was 
included  in  the  composition^  shift  theJCurie 
temperature  range  closer  to  room  temperature  (from 
about  -15°C  for  pure  PMN).  Intimate  mixing  was 
accomplished  by  vibratory  milling  in  nalgene  jars 
with  alcohol  and  zlrconia  media  for  eight  hours; 
this  step  was  carried  out  before  and  after  any 
calcination  operation.  The  columbite  precursor  was 
prepared  by  calcination  of  MgO  and  Nb?0s  at  10003C 
for  eight  hours.  PMN-PT  batches  were^weighed-out, 
with  excess  PbO  amounts  of  zero,  one,  and  three 
weight  percent.  The  powders  were  calcined  at 
700°C,  in  open  alumina  crucibles  for  four  hours. 

The  remainder  of  the  processing  included  addition 
of  PVA  binder,  pellet  pressing,  and  binder  burnout. 


Sintering  time  studies  at  temperatures  of  900, 
950,  and  1000°C  were  carried  out  on  pellets  of  the 
two  excess  PbO  compositions.  Pellets  were  placed 
on  zlrconia  setters  which  were  stacked  in  a 
furnace.  The  furnace  was  heated  to  the  sintering 
temperature  (in  one  hour),  and  setters  were  removed 
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after  various  times  ranging  from  five  minutes  to 
four  hours.  When  the  same  sintering  conditions 
were  applied  to  the  stoichiometric  PMN-PT  samples 
(without  excess  PbO),  no  densl flcation  was 
observed,  so  a  second  type  of  sintering  condition 
was  employed  for  these  samples.  Pellets  were 
burled  (separated  by  platinum)  In  coarse  PMN  powder 
in  a  closed  alumina  crucible,  using  the  method 
employed  In  earlier  Investigations  (2,8],  and 
sintered  at  1000°C  for  two  hours. 

Weight  loss  was  recorded  on  each  sample,  and 
the  values  for  Identical  samples  (typically  two  for 
each  composition  and  sintering  condition)  were 
averaged.  Geometric  densities  were  measured  on 
samples  polished  parallel  with  12  micron  alumina. 

01  electric  measurements  were  made  on  the  parallel 
samples  with  sputtered  gold  electrodes  using  the 
system  described  In  earlier  publications  (2,8] . 
Measurements  were  made  on  cooling  to  obtain  the 
non-aged  dielectric  properties.  Agetng  phenomena 
were  observed  with  heating  runs;  prior  to 
measurement,  samples  were  allowed  to  age  at  room 
temperature  for  24  hours  after  being  heated  to 
100°C.  For  all  of  the  dielectric  measurements, 
heating  and  cooling  rates  were  0.5°C/m1nute. 


RESULTS 

No  denslflcatlon  occurred  when  the  stoichio¬ 
metric  PMN-PT  samples  were  sintered  In  air,  and 
significant  weight  losses  were  observed.  However, 
when  stoichiometric  pellets  were  sintered  in  a  PbO 
atmosphere  (burled  In  coarse  PMN  powder),  densities 
of  7.95  g/cc  (98X  theoretical)  were  obtained, 
without  significant  weight  loss.  Weight  loss  and 
density  of  the  excess  PbO  samples  sintered  in  air 
are  presented  In  Table  1.  For  both  excess  PbO 
compositions,  weight  loss  Increased  with  sintering 
temperature  and  time,  and  levelled  off  close  to  the 
weight  losses  corresponding  to  the  amount  of  excess 
PbO  In  the  starting  compositions.  Generally, 
densities  increased  with  excess  PbO  content  and 
sintering  temperature.  Densities  of  the  It  PbO 
samples  increased  over  the  first  thirty  minutes  at 
each  sintering  temperature.  Oensl flcation  of 
pellets  of  the  3t  PbO  composition  was  quite  rapid 
and  densities  were  Independent  of  sintering  time, 
except  for  the  first  few  minutes  at  900°C. 

Densities  greater  than  7.90  g/cc  (97*  theoretical) 
were  achieved  In  some  of  the  IX  PbO  samples 
sintered  for  the  longer  times  at  1000°C,  and  In 
most  pellets  of  the  3X  PbO  composition  sintered  at 
all  three  temperatures. 

The  dielectric  constant  and  loss  (on  cooling), 
for  the  stoichiometric  PMN-PT  sample  sintered  In 
a  PbO  atmosphere  is  shown  In  Figure  1.  The 
frequency  dependence  of  the  dielectric  constant 
maxima  were  typical  of  relaxor  ferroelectric,  and 
the  transition  range  was  near  room  temperature,  as 
would  be  expected  from  the  composition.  At  1  kHz, 
the  maximum  dielectric  constant  of  17500  occurred 
at  23°C.  The  dielectric  loss  was  also  typical  of 
relaxors,  with  high,  frequency-dependent  domain 
losses  below  the  transition.  The  dielectric  curves 
of  this  sample  were  identical  upon  heating  and 
cooling,  indicating  no  ageing. 


Table  1:  Weight  loss  and  density  of  PMN-PT 
samples  sintered  with  excess  PbO. 


IX  PBO 

3X  P60 

■p- 

TIM 

•eiyit 

Oensity 

•eigit 

Density 

rz) 

(•in) 

LOSS  (X) 

(3/cc) 

LOSS  (X) 

(g/cc) 

900 

10 

0.43 

7.15 

0.48 

7  40 

20 

0.63 

7.52 

0.85 

7.86 

X 

0.66 

7.66 

0.68 

7.X 

60 

0.89 

7.69 

1.34 

7  95 

90 

1.02 

7.75 

1.67 

7  94 

120 

1.09 

7.74 

2.25 

7.94 

180 

1.07 

7,75 

2.83 

7.X 

240 

1.12 

7.71 

2.78 

7.X 

950 

S 

0.44 

7.64 

0.89 

7.X 

10 

0.47 

7.83 

0.85 

7.93 

20 

0.66 

7.79 

1.28 

7.X 

X 

0.66 

7.81 

1.58 

7.95 

60 

0.99 

7.87 

2.49 

7.X 

90 

1  06 

7.86 

2.78 

7  95 

120 

1.10 

7.77 

2.88 

7.X 

1000 

5 

0.88 

7.65 

1.43 

7.32 

10 

0.93 

7.78 

1.55 

7  97 

20 

0.95 

7.77 

1.68 

7  88 

X 

1.03 

7.92 

2.11 

7  X 

80 

1.11 

7.95 

2.X 

7.X 

X 

1.14 

7.88 

2.X 

7.94 

IX 

1.19 

7.91 

2.91 

7.X 

Figure  1:  Dielectric  constant  and  loss  versus 

temperature  for  stoichiometric  PMN-PT, 
sintered  at  1000°C  for  two  hours. 


Dielectric  data  (1  kHz)  of  excess  PbO  samples 
appear  In  Table  2.  The  maximum  dielectric  constant 
and  transition  temperature  (from  cooling  runs)  are 
summarized.  Maximum  dielectric  constants  of  the  IX 
PbO  samples  were  In  the  range  of  10000  to  15000, 
and  those  of  the  3X  PbO  samples  were  lower  (5000  to 
10000),  with  significantly  lower  transition 
temperatures.  Dielectric  constants  of  the  IX  PbO 
samples  were  largest  within  the  first  thirty 
minutes  at  each  of  the  sintering  temperatures.  The 
longer  time  decrease  of  the  maximum  dielectric 


constant  was  accompanied  by  a  decrease  of  the 
transition  temperature,  especially  at  higher 
sintering  temperatures.  For  samples  of  the  3X  PbO 
composition,  after  an  Initial  increase  over  the 
first  few  minutes,  maximum  dielectric  constants 
decreased  with  longer  sintering  times,  along  with 
further  reductions  of  the  transition  temperatures. 

The  lower  dielectric  constants  and  transition 
temperatures  observed  with  Increasing  sintering 
time  and  excess  PbO  content  were  also  accompanied 
by  broadening  of  the  temperature  dependence.  The 
temperature  dependence  of  the  dielectric  constant 
of  relaxor  ferrolectrlcs  has  been  described  by  a 
diffuseness  coefficient,  g[12].  This  parameter 
has  units  of  temperature  and  Is  related  to  the 
distribution  of  transition  temperatures  that  are 
proposed  to  exist  In  relaxor  ferroelectrics  from 
the  existence  of  micro-heterogeneity.  This 
parameter  was  calculated  from  the  temperature 
dependence  of  the  dielectric  constant  in  the 
paraelectrlc  region,  and  these  data  are  included  in 
Table  2.  These  data  Indicate  that  the  occurrence 
of  lower  dielectric  constants  and  transition 
temperatures  corresponded  to  an  Increase  in  the 
diffuseness  parameter. 


Table  2:  1  kHz  Olelectrlc  data  of  PMN-PT 
samples  sintered  with  excess  PbO. 


Tr- 

(Cl 

TIM 

(•in) 

w 

$(°C) 

w 

T/c> 

((°C) 

900 

10 

10900 

23 

49.4 

4300 

18 

72.8 

20 

12000 

24 

48.8 

9100 

17 

56.9 

90 

13100 

23 

45.8 

9500 

17 

55.8 

60 

12500 

22 

51.4 

9980 

12 

81.9 

120 

10700 

21 

57.3 

9840 

9 

69.8 

240 

11400 

22 

51.9 

9110 

9 

66.1 

950 

10 

13000 

24 

48.4 

7780 

14 

83.0 

20 

14200 

22 

48.8 

9440 

14 

68.2 

30 

14000 

22 

52.3 

8810 

10 

78.0 

60 

13100 

20 

57.3 

7850 

7 

86.9 

120 

12900 

18 

57.3 

9050 

7 

79.9 

1000 

10 

14500 

20 

48.5 

9120 

13 

87.9 

20 

14700 

20 

47.0 

9100 

10 

60.5 

30 

13000 

20 

47.2 

8160 

6 

69.4 

60 

12400 

17 

51.8 

8580 

2 

88.4 

120 

12200 

20 

55.1 

9130 

5 

30.4 

No  dielectric  ageing  was  observed  in  the 
stoichiometric  PMN-PT  sample,  as  the  dielectric 
curves  were  identical  upon  heating  and  cooling. 
However,  all  of  the  excess  PbO  samples  exhibited 
significant  dielectric  ageing.  An  example  of  this 
phenomenon  Is  shown  In  Figure  2,  where  dielectric 
constant  curves  obtained  on  heating  and  cooling  are 
compared  for  the  IX  PbO  sample  sintered  at  1000°C 
for  one  hour.  The  dielectric  constant  Is  depressed 
in  the  region  near  room  temperature,  where  the 
sample  was  aged.  Generally,  the  ageing  increased 
with  sintering  temperature,  time,  and  excess  PbO 
content,  following  the  same  trend  of  the  decreased 
dielectric  constants  and  transition  temperatures. 


TEMPERATURE  CC) 


Figure  2:  Dielectric  constant  on  heating  and 

cooling,  showing  ageing  In  the  IX  PbO 
sample,  sintered  at  1000°C  for  one  hour. 


DISCUSSION  OF  RESULTS 

PbO  was  extremely  Important  to  the  sintering 
of  these  PMN-PT  ceramics.  It  was  not  possible  to 
sinter  stoichiometric  PMN-PT  ceramics  (without 
excess  PbO)  at  1000°C  In  air,  because  PbO  loss  was 
rapid  enough  to  hinder  the  sintering  process. 
However,  sintering  the  same  pellets  In  a  PbO 
atmosphere  at  the  same  temperature  resulted  In 
densities  of  98X  theoretical  and  excellent 
dielectric  properties.  Also,  the  excess  PbO 
improved  the  sintering  of  the  PMN-PT  ceramics, 
allowing  for  denslflcatlon  to  better  than  97X 
theoretical  at  temperatures  as  low  as  900°C. 
However,  the  improved  sintering  was  at  the  cost  of 
lower  dielectric  constants  and  transition 
temperatures,  and  significant  dielectric  ageing. 

The  degraded  dielectric  properties  of  excess 
PbO  samples  may  have  been  caused  by  the  presence  of 
an  amorphous,  PbO-rlch  grain  boundary  phase,  which 
has  previously  been  Identified  In  PMN  ceramics  by 
TEM  analysis  [13].  In  the  present  study,  the 
addition  of  excess  PbO  may  have  enhanced  this  grain 
boundary  phase,  even  though  most  of  the  excess  PbO 
was  driven  off  during  sintering.  However,  the 
presence  of  a  grain  boundary  phase  cannot  explain 
the  decrease  of  transition  temperature  or  the  large 
Increase  In  the  diffuseness,  observed  with 
sintering  time. 

The  lower  dielectric  constants  and  transition 
temperatures,  the  increased  diffuseness,  and  the 
appearance  of  ageing  In  the  excess  PbO  samples  are 
most  likely  related.  These  phenomena  could  have 
resulted  from  a  change  In  the  defect  structure  of 
the  PMN-PT  grains  caused  by  an  Interaction  of  the 
excess  PbO  with  the  PMN-PT  grains  during  sintering. 
If  this  is  true,  then  the  actual  time  during  the 
sintering  process  at  which  the  excess  PbO  Is  driven 
off  would  be  important.  This  possibly  explains  why 
the  dielectric  properties  of  similar  PMN-PT 
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ceramics,  prepared  with  excess  PbO,  were  improved 
.hen  a  complex  sintering  schedule  .as  employee 
[5,5].  This  also  points  to  the  neeo  Tor  an 
investigation  of  the  effect  of  heamg  rates  on  the 
sintering  and  dielectric  properties. 

This  investigation  has  revea’ed  that 
dielectric  ageing  is  a  serious  preoiem  -n  PMN 
ceramics  prepared  by  adding  excess  ? bO  as  a 
sintering  aid.  Dielectric  ageing  nas  been  coserved 
in  PMN  ceramics  doped  with  MnO  [14],  and  it  "as 
been  suggested  that  any  B-site  acceptor  dopant  .ill 
induce  ageing  in  PMN  [15].  The  ageing  observed  in 
the  present  study  is  similar  in  that  't  .as  mest 
likely  caused  by  a  change  in  the  defect  struct. re. 
however,  in  this  case,  the  experimental  evdence 
points  to  defects  on  the  A-site.  To  cate,  6  re 
existence  and/or  absence  of  dielectric  age’ng 
£>MN  ceramics  prepared  with  excess  PoO  nas  not  ;een 
reported  in  the  literature  [4,5].  'he  ;ene'-a; 
trend  over  the  past  few  years  has  been  to  -eport 
the  temperature  dependence  of  dielectn’c  prcpe-ties 
based  on  coolfng  runs,  and  this  wouio  obscure  any 
ageing  phenomena  if  they  were  present.  *"e  results 
of  this  study  suggest  that  ageing  in  PMN  ceramics 
is  an  important  parameter,  and  that  it  should  pe 
considered  in  more  detail  in  any  processing  study. 


SUMMARY 

The  results  of  this  investigation  are 
summarized  below: 

1)  PMN-PT  ceramics,  prepared  by  the  columblte 
approach  were  sintered  In  the  range  of  900  to 
1000°C,  by  sintering  In  a  PbO  atmosphere,  or  by 
adding  excess  PbO  and  sintering  in  air. 

2)  The  largest  maximum  dielectric  constant  (17500 
at  1  kHz  and  23°C)  was  achieved  in  a  stoichiometric 
PMN-PT  sample  sintered  In  a  PbO  atmosphere  at 
1000°C  for  two  hours,  and  this  sample  did  not 
exhibit  dielectric  ageing. 

3)  Excess  PbO  samples  sintered  in  air  exhibited 
severely  degraded  dielectric  properties  (lower 
dielectric  constants  and  transition  temperatures, 
along  with  significant  dielectric  ageing). 

4)  The  control  of  PbO  stoichiometry  was  extremely 
Important  to  the  sintering  and  resultant  dielectric 
properties  of  these  PMN-PT  ceramics. 

5)  Olelectric  ageing  Is  an  important  consideration 
when  deciding  the  effectiveness  of  any  processing 
technique  for  PMN  ceramics. 
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Abstract 

No  obvious  dielectric  aging  effects  have  been  observed 
in  pure  ,9Pb(Mg1/3Nb2/3)03:. lPbTi03  relaxor 
ferroelectric  ceramics  in  this  study.  The  addition  of  small 
amounts  of  MnO  however,  induces  aging  effects.  Aging 
effects  preferentially  reduce  the  dispersive  component  of 
the  weak  field  permittivities  above  the  aging  temperature. 
Isothermal  aging  rates  are  observed  to  increase  with 
increasing  doping  level.  Dielectric  constants  vs  the 
logarithm  of  time  at  constant  temperature  level  out  with 
dme.  The  origin  of  aging  for  this  type  of  relaxor  material 

can  be  explained  in  terms  of  the  volume  stabilization  of  the 

polar  vectors  in  polar  micro-regions  by  the  defect  dipoles 
introduced  by  the  doping. 


Introduction 

If  domain  stabilization  due  to  defect  dipoles  interacting 
with  the  polarization  vectors  is  regarded  as  the  major 
contributor  to  aging  in  normal  ferroelectics*11,  a  similar 
phenomenon  may  be  expected  to  occur  in  relaxor 
ferroelec  tries.  Thus,  it  is  not  surprising  that  relaxors  such 
as  PLZT 121  and  SBN(31  which  by  their  chemical  nature 
must  have  a  highly  defective  structure  show  strong  aging 
effects.  In  a  macroscopically  defect  free  (fully  stuffed 
structure)  like  Pb(Mg1/3NbM)Oj,  charged  defects  may  be 
eliminated  by  very  careful  preparation  so  that  this 
mechanism  should  not  occur. 

For  these  micro-  polar  systems,  the  strain  associated 
with  the  onset  of  fenoelectricity  will  be  miniscule  so  that 
the  strain  destab lization  of  the  domain  structure  which  may 


contribute  to  aging  in  normal  macro-domain  ferroelec  tries 
should  also  be  absent 

Thus,  in  re  lax  on  like  PMN,  if  the  defect  concentration 
can  be  kept  very  low,  it  may  be  possible  to  have  no 
significant  aging  effects  within  the  diffused  phase 
transition  temperature  range. 

To  further  explore  the  role  of  defects  in  the  aging 
phenomena  in  relaxon.  9PMN:  .1PT  compositions  have 
been  fabricated  in  both  pure  and  MnO  doped  forms.  This 
work  reports  the  aging  behaviours  for  these  ceramics. 


Experimental  Procedure 

Ceramic  samples  of  .9  PMN:  1PT  for  this  study  were 
prepared  using  pre-reaction  of  MgO  and  NbjOj  to  first 
form  the  columbite  structure  precursor  in  the  manners 
discussed  in  earlier  papers*4,11.  For  the  doping  study, 
MnO  was  introduced  using  a  dilute  Mn(N03  ^  solutions 
added  to  the  calcine.  Pure,  defect  free  samples  require 
some  care  in  preparation.  The  best  result  can  be  obtained 
when  the  original  oxides  are  pure,  batching  is  done  with 
regard  to  loss  on  ignition,  processing  is  free  from 
contimination  and  lead  volatilization  is  carefully  controlled. 
Final  sintered  samples  were  all  above  97%  of  theoretical 
density  and  were  shown  by  X-ray  diffraction  to  be  free  of 
pyrochlore  phase  contamination.  Aging  was  accomplished 
by  first  heating  the  samples  above  160°C  to  relieve  all 
earlier  aging,  then  bring  the  samples  down  to  a  fixed 
temperature  and  starting  the  measuring  clock.  Dielectric 
constants  vs  temperature  measurements  were  begun  from 
lower  temperature  up  to  study  aging  and  from  higher 
temperature  down  to  study  deaging.  Isothermal  aging  was 
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earned  out  in  an  insulated  chamber  containing  a  coil 
connected  to  a  constant  temperature  water  bath161  The 
temperature  variation  monitored  by  a  digital  thermometer 
was  shown  be  10. 1C. 

Experimental  Results 

Fig.l  shows  the  weak  field  (5v/cm)  dielectric  constants  vs 
temperature  for  .l%(wt)  MnO  doped  sample.  The  solid 
curves  show  the  data  obtained  after  aging  1000  hours  at  room 
temperature.  The  dotted  curves  show  the  data  for  the 
sample  freshly  deaged  at  160°C  for  30  minites.  It  is  observed 
that  from  the  aging  temperature  up,  the  magnitude  and 
dispersive  component  of  the  weak  field  permittivities  have 
been  greatly  reducedBelow  the  aging  temperature,  however, 
the  magnitude  and  dispersion  of  dielectric  constants  are 
unaffected  by  aging.  In  contrast.  Fig. 2  shows  dielectric 
constants  vs  temperature  for  the  pure  composition  aged  and 
measured  in  exactly  the  same  manners  as  the  doped  and  aged 
sample.  The  sample  can  be  seen  to  be  almost  completely  free 
of  aging.  Fig.3  shows  the  dielectric  constant  reduction  as  a 
function  of  the  logarithm  of  time  for  different  amounts  of  MnO 
doping.  Differences  in  dielectric  constants  in  the  freshly  deaged 
states  among  the  samples  with  different  MnO  doping  were 
taken  into  account  by  dividing  the  data  by  the  initial  dielectric 
constant  data.  An  increasing  slope  with  increasing  doping  level 
is  observed.  The  pure  composition  is  shown  to  be  almost  free 
of  aging.  Fig.4  shows  dielectric  constants  as  a  function  of  the 
logarithm  of  time.  A  leveling  out  of  dielectric  constants  with  the 
logarithm  of  time  is  observed. 

Summary  and  Discussion 

The  data  presented  in  Fig. 2  and  Fig.3  confirms  that  there 
are  no  obvious  aging  effects  in  pure  0.9  PMN:  0. 1PT  ceramic 
in  the  vicinity  of  the  avenge  Curie  temperature.  Aging  effects 
appear  in  doped  samples  and  increase  with  increasing  doping 
level  which  clearly  suggests  the  role  of  defect  dipoles.  Magnese 
ions  were  added  in  the  valence  2  form  which  may  survive  at 
elevated  temperature  because  they  are  already  in  their  most 
reduced  form  .  The  size  of  Mn1*  is  comparable  to  the  B  ion 
in  perovskite  structure.  For  every  MnJ*  sitting  in  a  B  site,  an 
oxygen  vacancy  is  genented.  A  defect  dipole  will  be  formed  by 
the  vacancy  charge  and  MnJ*.  The  orientation  of  the  dipole  can 
be  adjusted  by  oxygen  vacancy  diffusion  from  one  face  center 


site  to  the  other  in  the  perovskite  unit  cell.  Domains  can  be 
stabilized  under  the  local  field  provided  by  the  defect  dipoles 
The  retention  of  dispersion  below  the  aging  temperature  is 
a  characteristic  of  relaxor  ferroelectrics.  Paraelectric  to 
ferroelectric  transiuons  continue  below  the  aging  temperature 
producing  fresh  micropolar  regtons  which  can  dominate  weak 
field  dielectric  properties.  Above  the  aging  temperature, 
however,  polar  regions  become  increasingly  more  unstable  and 
convert  to  paraelectric  phases.  Neither  the  stabilized  polar 
regions  nor  the  paraelectric  phase  regions  show  dispersion  at 
the  frequencies  used.  Therefore,  the  dispersive  component  is 
greatly  reduced  at  and  above  the  aging  temperature. 

Fig.4  shows  the  nature  of  isothermal  aging.  Unlike 
normal  ferroelectrics  such  as  BaTiOj  ceramics17',  this  ceramic 
shows  dielectric  aging  which  is  nonlinear  with  respect  to  the 
logarithm  of  time.  It  is  well  known  that  at  the  beginning  of 
aging,  errors  m  measuring  the  zero  time  can  contribute  to  the 
nonlinearity  at  early  stage'6'.  The  aging  behaviours  at  first  few 
minites  are  difficult  to  ascertain.  In  this  study,  the  nonlinearity 
at  times  longer  than  60  minites  has  been  very  reproducible. 
Such  behaviour  suggests  that  this  material  is  composed  of  the 
regions  that  show  quite  high  aging  rates  in  conjunction  with  the 
regions  that  show  little  or  no  aging.  The  theory  that  relaxor 
ferroelectrics  are  composed  of  chemically  heterogeneous 
regions  with  a  range  of  Curie  temperatures  is  currently  well 
accepted'*'.  We  may  therefore  suppose  that  polar  regions  are 
predominately  responsible  for  aging  and  that  paraelectric 
regions  of  the  material  age  very  slowly  or  not  at  all.  The  non¬ 
aging  regions  make  a  greater  and  greater  contribution  to  the 
observed  permittivity  until  a  constant  value  is  approached  at 
extended  time. 
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Abstract 

It  is  difficult  to  prepare  ceramics  of 
Pb(Zn3^3Nb2/3)03  (PZN)  and  several  otter  lead 
based  A(B'B")0j  perovskites  in  perovskite  fora 
due  to  the  foraatlon  of  a  stable  lead  niobate 
pyrooblore  phase.  In  this  study  two  approaches 
have  been  eaployed  to  stabilize  perovskite 
structure  in  PZN.  In  the  first  approach 
perovskite  PZN  was  prepared  by  the  addition  of 
saall  amount  of  a  stable  perovskite  coopound  (7 
mol%  of  BaTlOj,  10  mol%  SrTiOj).  In  the  second 
approach  perovskite  PZN-PT  was  prepared  by  either 
quenching  or  slow  cooling  a  mixture  of  molten  PZN 
and  PbO  flux.  The  kinetics  of  the  transformation 
of  perovskite  to  pyrochlore  phase  was  studied. 


I .  Introduction 

PZN  is  a  ferroelectric  crystal  with  a 
partially  disordered  perovskite  structure.  It 
undergoes  a  diffuse  phase  transition  near  140*C. 
The  crystal  symmetry  is  rhombohedral 
(ferroelectric)  at  room  temperature  and  cubic 
(paraelectrlc)  above  140*C  [1.2J.  The  solid 
solution  between  PZN  with  rhombohedral  symmetry 
and  PbTiOj  (PT)  with  tetragonal  symmetry,  has  a 
morphotroplc  phase  boundary  (MPB)  near  9  mole*  PT. 
Single  crystals  with  compositions  near  MPB  show 
unusually  large  dielect;  lc,  piezoelectric  and 
electrostrictlve  coefficients  (3.4],  PZN  and  PZN- 
PT  single  crystals  can  be  grown  rather  easily  by  a 
flux  method. 

Unfortunately,  it  is  very  difficult  to 
prepare  pure  PZN  or  PZN-PT  ceramics  with  the 
perovskite  structure  by  conventional  ceramic 
processing.  The  product  obtained  by  solid  state 
reaction  at  about  1100*C  is  largely  a  cubic 
pyrochlore  pnase  of  the  type  ?b3Nb,4013.  The 
presence  of  pyrochlore  phase  is  detrimental  to 
both  dielectric  and  piezoelectric  properties.  The 
formation  of  pyrochlore  phase  nas  beer,  observed  in 
a  number  of  A(B'B“)0j  type  ferroelectric 
;omuounds  with  perovskite  structure. 


The  problem  of  pyrochlore  formation  has  ceer. 
studied  extensively  in  Pb(Mg2/ 3Nb2 /3 ) 03  (PMN) 
ceramics  [5,61.  By  following  a  different 
processing  su.-.cre.  Swartz  and  Shrout  were  able  to 
stabilize  perovsxite  structure  in  PMN.  The 
reaction  sequence  used  by  them  is  as  follows; 

1000»C 

MgO  *  NbjOj - ►  MgNb206 

900*C 

MgNb20s  ♦  3PbO - >  3Pb(Mg1/3Nb2/3)Oj 

In  this  method.  MgO  is  pre-reacted  with  Nb203  to 
form  MgNbjOj  which  has  columbite  structure. 
MgNb20g  is  then  reacted  with  PbO  to  obtain  100% 
pure  perovskite  PUS  ceramics.  By  this  proce  sung 
scheme  also  (by  reacting  ZnNb20s  with  PbO)  it  is 
not  possible  to  prepare  PZN  in  pure  perovskite 
form. 

In  the  next  section  an  analysis  of  the 
stability  of  perovskite  structure  in  a  number  of 
ABO3  or  A(3'B”)03  perovskites  is  given  by 
considering  the  structure  field  map  and  ionic 
nature  of  chemical  bonds.  The  possibility  of 
stabilizing  perovskite  structure  in  PZN  by  adding 
only  a  small  amount  of  second  perovskite  compound 
is  examined. 

2.  Stability  of  Perovskite  Structure 

The  stability  of  different  crystal  structures 
belonging  to  a  particular  class  of  compounds  can 
be  studied  by  structure  field  maps  [71.  Structure 
field  saps  provide  a  useful  way  of  correlating 
ionic  radii  with  structure  types.  A  structure 
field  map  of  A8Q3  compounds  near  the  perovskite 
region  is  shown  in  Fig.  1.  Here  rA  is  the  radius 
of  the  larger  cation  and  r0  is  the  radius  of 
smaller  cation.  Several  ABO3  type  ferroelectric 
oxides  are  marked  in  this  diagram.  It  is  clear 
that  all  the  compounds  under  consideration  fall 
well  within  the  ideal  perovskite  region  of  the 
structure  field  sap.  However,  it  is  difficult  to 
prepare  PMN,  PZN.  PFN .  PFW.  PNN  and  PIN  ir 
perovs<lte  form  by  the  usual  ceramic  processing 
techniques.  Preparation  of  ceramics  of  these 
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PlCur*  1.  Structura  field  gap  of  perovskites. 
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PNN:Pb(Nl1/3Nb2/3)03. 

PDf:Pb(In1/2Nb1/2)03. 

BZN:B«(Zn1/3Nb2/3)03. 


materials  by  mixed  oxide  method  yields  a  mixture 
of  p«ro vaklte  and  pyrooblore  phases,  for  as  ABOj 
compound  to  fora  a  stable  perovskite  structure  the 
ionic  radii  of  the  cation  should  be  within  proper 
limits  and  the  cations-anlons  should  form  strong 
mutual  ionic  bond. 

Goldschmidt  has  proposed  the  concept  of 
tolerance  factor  to  describe  the  stability  Halts 
of  a  crystal  structure  in  terms  of  the  Ionic  radii 
(I).  For  the  perovskite  structure,  the  tolerance 
factor  t  is  given  by 


t 


rA  *  ro 

m  _ 

'/T(ivro) 


a) 


Here  rA  and  rB  are  the  ionic  radii  of  cations  A 
and  B  and  rQ  is  the  ionic  radius  of  oxygen.  The 
perovsJclte  structure  is  stable  if  t  Is  large. 


The  second  factor  to  be  considered  is  the 
ionic  character  of  the  chemical  bonds  in  the 
compound.  The  percentage  of  ionic  character  of 
the  bonds  is  proportional  to  the  electronegativity 
difference  between  cations  and  anions. 


For  several  AB03  compounds  with  perovskite 
structure,  the  tolerance  factor  were  calculated 
using  equation  (1)  and  the  ionic  radii  proposed  by 
Shannon  and  Prewitt  (9.101.  The  elctronegatl vity 
differences  of  cation  A  and  oxygen  Q)  and 
cation  B  and  oxygen  9Cb-q)  H*r*  calculated  using 
Pauling's  electronegativity  scale  (111.  For 
A(B'3")03  type  perovskites.  a  weighted  average 
value  was  used  for  rB  andXg_g.  A  plot  of  average 


electronegativity  difference  2  vs.  the 

tolerance  factor  is  shown  in  Fig.  Z.  For  the 
perovskite  compounds  under  consideration  the 
tolerance  factor  t  is  within  the  limits 
0.96<t<1.06.  A  few  interesting  observations  can 
be  made  from  Fig.  2  (11.  BaT103  and  KNbOg.  nave 
both  large  tolerance  factor  and  large 
electronegativity  difference  and  nance  tnese 
compounds  should  have  stable  perovstclte  structure 
(21.  For  PMN .  PZN,  PFN.  PF J.  PNN  and  PIN.  botn 
the  tolerance  factor  and  electronegativity 
difference  are  small  and  hence  they  may  not  fora 
perovskite  structure  easily. 

It  should  be  more  difficult  to  stabilize  PZN 
in  perovskite  form  than  PMN  which  is  in  accordance 
with  experimental  results.  PMN  can  be  prepared  in 
perovskite  form  by  repeated  calcination  or  by  the 
reaction  sequence  proposed  by  Swartz  and  Shrout 
(51.  It  is  not  possible  to  stabilize  PZN  in 
perovskite  form  by  these  techniques.  PbT103  has 
slightly  higher  electronegativity  difference  and 
larger  tolerance  factor  than  PZN.  In  the  solid 
solution  system  (1— x)  PZN-xPT.  coapostions  can  be 
stabilized  in  perovskite  fora  if  x)0.2S.  The 
reason  for  this  is  evident  from  Fig.  2.  The 
addition  of  PT  to  PZN  increases  both  the  tolerance 
factor  and  the  electronegativity  difference. 
Since  BaTiOg  has  the  largest  electronegativity 
difference  and  tolerance  factor  it  should  be 
possible  to  stabilize  PZN  or  PMN  in  perovskite 
form  by  adding  a  smaller  percentage  of  BaTlOj  than 
PbTlOg.  It  baa  been  shown  that  6  to  7  aola%  of 
BaTiOg  is  sufficient  to  stabilize  PZN  in 
perovskite  structure  (1 2}.  Table  1  gives  the 
amount  or  different  oxides  needed  to  stabilize 
perovskite  structure  in  PZN  by  conventional 
ceramic  processing.  The  minimum  amount  of  oxides 
needed  to  stabilize  perovskite  phase  say  vary 
slightly  depending  on  the  conditions  followed  in 
ceramic  processing.  The  phase  relations  and 
dielectric  properties  of  ceramics  in  the  PZN- 
BaTiOg  (12],  PZN-SrT10g  (13,141.  PZN-BaT10g- 
PbT103  (151  system  have  been  reported.  Most  of 
the  compositions  in  the  above  solid  solution 
systems  show  a  diffuse  phase  transition  with  an 
Increase  in  Curie  temperature  with  increasing 
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Figurm  2.  Plot  of  electronegativity  difference 
vs.  tolerance  factor. 
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TABU  1.  Amount  of  additives  needed  to  stabilize 
perovskite  phase  in  PZH 


Additive 


BaTlOj 

SrTiOj 


BatZn^/jHb^ m ) 
Replacing  Po  » 
PbZrOj 


frequency,  characteristic  of  f a r ro e 1 ec t r lo 

relaxors . 

The  second  approach  to  stabilize  perovskite 
PZH  by  either  quenching  or  slow  cooling  a  mixture 
of  PZH  and  PbO  flux,  is  discussed  m  the  next 
section . 

3.  Preparation  of  Perovskite  Phase  PZM-PT  Ponder 
by  Flux  Method 

In  PZH-PT  systea.  single  crystals  near  MPB  (9 
mol*  PT)  can  be  grown  easily  in  PbO  flux.  This 
indicates  that  perovskite  phase  can  be  stabilized 
in  molten  flux  environment  in  this  system.  In  the 
present  work  PZH-PT  powder  near  MPB  was  prepared 
by  two  different  methods  taking  advantage  of  the 
stability  of  perovskite  phase  in  PbO  flux. 

In  the  first  method,  one  mole  of  0.91  PZH- 
0.09  PT  was  mixed  with  two  moles  of  PbO  flux  and 
heated  to  1150-1200*C  in  a  platinum  crucible  and 
held  at  this  soak  temperature  for  3-4  hours.  The 
molten  mass  was  poured  into  a  beaker  containing 
water.  The  water  quenched  powder  was  leached  in 
boiling  acetic  acid  for  a  few  hours  to  remove  PbO 
flux  and  filtered.  The  x-ray  diffraction  pattern 
of  dried  powder  revealed  pure  perovskite  type 
structure,  but  the  diffraction  peaks  were  not  very 
sharp,  probably  because  the  powder  was  not 
completely  crystalline  due  to  rapid  quenching  from 
1200*0.  Attempts  to  improve  the  crystallinity  of 
the  powder  by  annealing  at  600*C  led  to  partial 
formation  of  pyrochlore  phase.  Studies  on  the 
perovskite  to  pyrochlore  phase  transformation 
after  heat  treatment  will  be  discussed  in  the  next 
section. 

In  the  second  method,  the  molten  aixture  was 
cooled  lo  the  furnace  at  approximately  200*C/hr. 
The  solidified  mass  in  the  crucible  was  leached  in 
boiling  acetic  acid  PZH-PT  powder  of  particle  size 
varying  from  micron  to  millimeter  size  was 
obtained  by  this  process.  The  x-ray  diffraction 
patterns  of  the  powder  showed  sharp  peaks 
corresponding  to  perovskite  phase.  The  sharp  x- 
ray  diffraction  peaks  indicated  that  the 
crystallinity  of  the  powder  obtained  by  furnace 
cooling  was  superior  to  that  obtained  by  water 
quenching.  Chemical  analysis  of  the  powders 
showed  that  water  quenched  powder  was  deficient  in 
ZnO  and  had  excess  of  HbjOj  compared  to  the 
stoichiometric  composition.  The  composition  of 


furnace  cooled  powder  was  very  close  to  the 
stoichiometric  composition.  Further  details  about 
experimental  procedure  can  be  found  in  ref.  [16]. 

4.  Perovskite  to  Pyrochlore  Phase  Transformation 

Heat  treatment  of  PZH-PT  powder  prepared  by 
flux  method  resulted  in  a  partial  transformation 
of  perovskite  to  pyrochlore  phase.  Detailed 
studies  were  performed  to  understand  the  kinetics 
of  the  phase  transformation. 

For  the  heat  treatment  studies,  a  fast-firing 
furnace  system  developed  by  Fox  et  al.  [17]  was 
used.  A  digitally  controlled  stepper  motor  was 
used  to  inject  samples  to  the  required  temperature 
zone  in  a  horizontal  tubular  furnace  in  five 
minutes.  The  sample  was  held  at  the  soak 
temperature  for  different  periods  of  time  and  then 
withdrawn  to  room  temperature  in  five  minutes. 
This  controlled  temperature  profile  firing  systea 
enabled  to  carry  out  precise  heat  treatment  on  the 
samples.  The  relative  amounts  of  perovskite  and 
pyrochlore  phases  were  determined  using  powder  x- 
ray  diffraction  patterns  of  samples  by  measuring 
the  major  x-ray  peak  intensities  for  perovskite 
and  pyrochlore  phases  [(110)  and  (222) 
respectively].  The  percentage  of  perovskite  phase 
was  calculated  using  the  following  equation: 


100  x  I„ 


%  Perov  -  - - - 

* Iperov+Ipyro * 

The  results  of  the  beat  treatment  studies  are 
listed  in  Table  2.  From  the  Table  it  is  clear 
that  water  quenched  powder  transforms  to 
pyrochlore  phase  on  heat  treatment  more  easily 
than  furnace  cooled  powder.  A  heat  treatment  of 
the  powders  at  600*C  for  15  minutes  resulted  in 
85%  pyrochlore  phase  in  the  case  of  water  quenched 
powder,  whereas  only  9%  of  the  furnance  cooled 
powder  transformed  to  pyrochlore  phase.  Only  20% 
of  furnace  cooled  powder  transformed  to  pyrochlore 
phase  on  heating  to  900*C  for  15  minutes. 

TABU  2.  Effect  of  heat  treatment  on  perovskite 
to  pyrochlore  transformation  of  PZH-PT 
powder 


Temp¬ 

erature 

Water  Quenched 
Powder 

% 

Duration  Perovskite 

Furnace 
Cooled  Powder 

% 

Perovskite 

500*  C 

15 

57 

97 

30 

44 

— 

60 

35 

95 

600*  C 

15 

16 

91 

30 

15 

90 

60 

12 

— 

700*C 

15 

— 

86 

900*  C 

15 

— 

80 

»■- 


Heat  treatment  of  calcined  powders  In  the 
PZN-BaTiOj  and  PZN-SrTiOj  system  also  Indicated 
transformation  of  perovskite  phase  to  pyroohlore 
phase  in  samples  containing  smaller  amounts  of 
BaTiOj  or  SrT103.  The  fraction  of  pyroohlore 
phase  as  a  function  of  heat  treatment  temperature 
is  shown  in  Fig.  3  for  0.9J  PZN-0.05  ST  [13].  The 
transformation  of  perovskite  to  pyroohlore  pnase 
was  not  ohserved  in  compositions  containing  a 
higher  fraction  of  BaTiOj  or  SrTiOj. 

J.  Pyroohlore  Formation  in  Perovskites 

The  formation  of  stable  pyroohlore  pnase  has 
Been  observed  in  ceramic  preparation  of  a  numBer 
of  A(B'B'')03  type  perovskites  in  addition  to  PMN 
and  PZN.  Many  of  these  compounds  are  promising 
materials  for  multilayer  capacitors  Because  of 
their  high  dielectric  constant  and  low  firing 
temperature  [18.191.  The  use  of  these 
ferroelectric  materials  in  ceramic  form  for 
capacitor,  transducer  or  mic ro po s i t io n e r 
applications  is  restricted  Because  of  the 
formation  of  pyroohlore  phase.  By  the  processing 
scheme  suggested  By  Swartz  and  Shrout  [5], 
perovskite  structure  can  be  stabilized  in 

PbiNi^jNbj^  i)0  j  i  PblFsjyjNbi/jlOj, 

Pb(SC1y2Mbl/2'°3'  PbfSCi/jTai/jlOj, 

Pb(Mg1/3Ta2/ j)C>3  and  a  few  other  compounds.  But 
this  processing  scheme  falls  to  stabilize 
perovskite  structure  in  several  other  perovskites 
like  PZN,  Pb ( Zn3 y 3Ta2 y 3 ) 03 ,  and  Pb( In3 / 2^bl/ 2^3* 
For  such  perovskite  compounds,  the  addition  of  a 
small  amount  of  stable  perovskite  compound  such  as 
BaTl03  or  SrT103  can  be  used  to  stabilize 
perovskite  structure. 

6 .  Conclusions 

From  the  present  investigation  it  is  clear 
that  in  A ( 3'B'') O3  perovskites  a  large  tolerance 
factor  and  a  large  fraction  of  ionic  bonding  are 
necessary  to  stabilize  the  perovskite  structure. 
Several  of  these  comounds  such  as 
Pb(Mg3y3Nb2/3)03,  Pb(Zn2y3Nb2/3]^3  and 

Pb(In1/2f,bl/2^°3  are  difficult  to  synthesize  in 


perovskite  form  By  the  usual  ceramic  processing. 
BaT103  or  SrT103  seem  to  Be  excellent  additives  to 
stabilize  perovskite  structure  in  these  compounds. 

The  staolllty  of  perovskite  phase  and  the 
kinetics  of  transformation  of  perovskite  to 
pyrocnlore  phase  were  studied  in  PB(Zn,  /  jNbj /  3 )C3. 
It  has  been  snown  that  only  about  7  molet  of 
BaT103  and  10  mo  1  e%  of  SrTi03  are  needed  to 
stabilize  perovskite  phase  in  PZN.  Perovskite 
phase  could  also  Be  stabilized  in  PZN  in  molten 
PbO  flux.  Perovskite  PZN-PT  powder  prepared  By 
molten  flux  method  converts  partially  to 
pyroohlore  structure  on  heat  treatment  at 
temperatures  greater  than  500»C.  It  is  clear  that 
Both  thermodynamics  of  the  system  and  kinetics  of 
the  perovskite  to  pyroohlore  phase  transformation 
should  Be  considered  in  order  to  understand  the 
stability  of  perovskite  structure  in  PZN  and  other 
similar  A(B'B")03  perovskite  compounds. 

7.  Acknowledgement 

The  authors  are  grateful  to  the  Office  of 
Naval  Research  for  the  financial  support  for  this 
work . 

S.  References 

1.  Y.  Tokomlzo,  T.  Takahashi  and  S.  Nomura,  J. 

Phys.  Soe.  Jpn.  21,  1278  (1970). 

2.  J.  Kuwata.  1.  Uchlno  and  3.  Nomura. 

Ferro  elec  tries  22,  863  (1979). 

3.  J.  Kuwata.  K.  Uchino  and  3.  Nomura.  Jpn. 

Appl.  Phys.  21.  1298  (1982). 

4.  S.  Nomura  and  J.  Kuwata,  Mat.  Res.  Bull.  H, 

769  (1979). 

J.  S.L.  Swartz  and  T.R.  Shrout,  Mat.  Res.  Bull. 

12.  124 J  (1982). 

6.  S.L.  Swartz,  T.R.  Shrout,  W.A.  Schulze  and 

L.E.  Cross;  J.  Am.  Cor.  Soc..  £7,  311  (1984). 


000  MOO  '20C 

SINTERING  TEMPERATURE  :  *C ! 


Figure  3.  Percentage  of  pyroohlore  phase  vs. 

sintering  temperature  for  0.95PZN- 
O.OSSrTiOj. 


7.  0.  Muller  and  R.  Roy,  '£ 


Spring er- V er  1  ag.  NY. 


8.  V.M.  Goldschmidt,  Geocbemlsche 
Verteilungsgesetze  der  elements  I-IX,  Skrift. 
Norsks,  Vid.  Akad.  Oslo,  I  Mat-Naturv.  kl. 

9.  P.D.  Shannon  and  C.T.  Prewitt,  Acta  Cryst. 
323.  923  (1969). 

10.  R.D.  Shannon  and  C.T.  Prewitt,  Acta.  Cryst. 
B26.  1046  (1970). 

11.  L.  Pauling,  'The  Nature  of  Chemical  Bonds'. 
Cornell  University  Press,  NY  1960. 

12.  A.  Halliyal,  U.  Kumar,  R.E.  Newnham  and  L.E. 
Cross,  J.  Am.  Cer.  Soc.  (submitted). 


13.  J.  Beisick,  B.S.  Thesis,  The  Pennsylvania 
State  University,  1986. 


0.  Furukawa.  t.  Yaaasnita.  M.  Harata.  T. 
Takanasni  and  £.  Xnagaki,  Jpn.  J.  Appl.  ?h/s. 
14,  96  (1985). 

A.  Halliyal,  0.  Suaar,  R.E.  Sewnhaa,  and  L.E. 
Cross,  J.  Aa.  Car.  Soc.  (suBmitiad). 

7.R.  Gururaja.  A.  Safari  and  A.  Halliyal,  J. 
Aa.  Car.  Soc.  (suDmitted). 

B. H.  Fox,  G.  Dayton.  P.  Moses  and  J.V. 
Blggers,  Bull.  Aa.  Caraa.  Soc.  £4.  1141 
(1985). 

M.  Yonazawa.  Bull.  Aa.  Cer.  Soo.  52,  1575 
(1983)  . 

T.R.  Shrout,  S.L.  Swartz  and  M.J.  Haun,  Cer. 
Bull.  £1.  809  (1984). 


Dielectric  and  Piezoelectric  Properties  of 
Pb(Zn1(3Nb2'3)03-PbTi03-BaTi03  Ceramics 

S.L.  Baunter.  A.  Hailiyal.  and  R.E.  Newnham 

Maiera.s  Research  Laboratory 
Pennsy.vama  State  University 
Univers.ty  Parx  Pennsylvania  168C2 


Abstract 

Previous  studies  in  me  (f -x.PbiZn.  -Nt^  ;  Cy  «°S”  C- 
system  nave  shown  the  existence  o'  a  mc-pnct.-cp-c  p'asi 
boundary  near  i»0  09  Single  crystals  o*  ’"is  scmpcsT'Or 
grown  in  me  percvskite  torm  usmg  PbO  dux  metnoa  snow 
excellent  piezoelectric  and  dieiedtnc  procerties  However  it  is 
difficult  to  prepare  poiycrystallme  ceramics  near  me 
morpnotrppic  prase  boundary  because  ot  me  stadlitv  at  a 
competing  lead  nioaate  pyrocnicre  phase  Pecentiy.  it  nas 
been  shown  mat  the  formation  ot  the  pyrocnicre  phase  can  ce 
suppressed  by  me  addition  of  a  small  amount  ot  BaTOg  In  the 
present  study,  compositions  near  the  morpnotrooic  phase 
boundary  were  prepared  in  the  perovsfute  torm  by  the  addition 
of  5  mole  percent  BaTiOg  The  location  o I  the  morphotrosic 
phase  boundary  and  the  dielectric  and  piezoelectric  properties 
of  selected  compositions  in  this  system  are  described. 


1.  introduction 


PbfZn^^Nbj.jjOj  (hereafter  designaied  PZN)  is  a 
disordered  perovsfute  showing  a  diffusa  phase  transition  from  a 
cubic  parae'ectnc  to  a  rhomoonedrai  ferroelectric  phase  near 
■uo°c  l'‘3l  Perovsmte  PbTiOg  (hereafter  designated  PT)  is 
also  a  ferroelectric  material  showing  a  transition  from  a  cubic 
paraeiectnc  to  a  tetragonal  ferroeiectnc  pnase  at  490° C 
Compositions  m  the  PZN-PT  solid  sotutcn  system  exhibit  a 
morphotropic  phase  boundary.  MPB  between  the 
momooheora'  and  tetragonal  prases  at  approximately  9  mole 
percent  pt  i3l  The  dieiecmc  and  piezoelectric  properties  ot 
matenais  near  tne  MPa  as  expected.  are  anomalously  hign 
Singie  crystals  and  poiycrystaume  ceramics  ot  such 
compositions  have  been  prepared  m  the  perovsxite  form  by 
using  a  PbC  nux  growth  method  ml  and  special  n«gn  oressure 
teennicues  respectively  However  poiycrystaltme 
ceramics  cannot  be  obtained  by  standard  soi>d  state  reaction 
without  me  lormaton  ot  a  more  stable  >eaa  niocate  pyrocnicre 
pnase  The  presence  oi  mis  pyrocniore  phase  •$  tounp  to  oe 
detrimental  to  tne  dielectric  and  piezoelectric  precedes 

in  a  recent  study  it  has  Ceen  shown  that  me  sedition  ot 
only  6  10  T  mcie  percent  ot  BaTiOj  (hereatt*-  PS5ig"a'ec  B” 
stabilizes  me  oerovsmie  structure  m  pzn  >®i  in  me  oresent 
wont  ceramics  m  the  PZN-PT  system  near  me  morphotropic 
pnase  POundary  were  prepared  by  stabilizing  tne  oerovSK.te 
pnase  with  me  addition  ot  5  mole  percent  BT  The  location  pi 
me  morpnotrooic  pnase  boundary  was  determined  and  me 
d'S'ectnc  and  piezoelectric  properties  ot  severed  compositions 
were  investigated 


2.  Experimental  Procedure 


Ceramic  samples  along  the  (95-x)PZN  ■  xPT  -  OSBT 
composition  line,  as  shown  in  Pigure  i .  were  prepared  using 
reagent  g rad*  chemicals  by  a  two  stage  mixed  oxide 
tecnmque  l7!  In  me  first  stage  a  precursor  columbit*  phase 
(ZnNbjOg)  was  prepared  by  mixing  ZnO  and  NbjOj  m 
stoehiometnc  rate  and  calcining  at  1000°C  lor  4  hours.  In  me 
second  stage  the  precursor  was  mixed  in  stoehiometnc  ratios 
with  PbO.  BaC03.  and  TiOj.  and  processed  as  outlined  iri 
Pgure  2.  An  excess  ol  0.5  weignt  percent  PbO  was  added  to 
compensate  for  PbO  volatility  during  calcining  and  smtanng. 
After  calcination  at  900° C  for  4  hours,  the  calcined  slug  was 
crushed  end  ball  milled.  A  polyvinyl  alcohol  (PVA)  binder  was 
mixed  with  the  powders  and  pallets  12  mm  in  diameter  and  2-3 
mm  thick  ware  pressed  at  10.000  psi.  The  binder  was  burned 
out  by  a  slew  heating  process  at  500°C  tor  3  hours. 

Compositions  with  >  •  0.04.  0.07.  0.10  were  sintered  at 
1050°C  to  it  503C  at  25°C  intervals.  Pellets  were  placed  on 
platinum  toil  m  an  enclosed  alumina  crucible  and  sealed  with 
alumina  cement  To  further  reduce  PbO  volatility,  sintenng  was 
performed  in  a  lead  rich  atmosphere  by  placing  a  small  amount 
ot  an  eauimoiar  mixture  ot  PbO  and  Zr02  in  the  crucible.  The 
samples  were  heated  to  sintenng  temperature  at  220oC/hr  and 
held  lor  1.  2.  or  4  hourts)  soak  times  and  cooled  in  the  furnace 
with  the  power  off.  Powder  x-ray  diffraction  patterns  ot  calcined 
powders  and  the  sintered  discs  were  analyzed  to  determine 
me  lattice  constants,  appropnate  structure,  and  the  presence 
ot  pyrocniore. 

In  preparation  for  dielectric  and  piezoelectric 
measurements  sample  discs  were  polished  Hat  and  parallel  and 
eiectroded  wrth  sputtered  gold  An  air  drying  silver  paste  was 
also  aoplied  to  insure  good  electrical  contact.  Dielectric 
measurements  were  made  using  an  automated  system  in  which 
a  temperature  control  Pox  (Model  2300.  Delta  Design  Inc.)  and 
ICR  meters  (Model  4274A  and  Model  427SA  ICR  meter. 
Hewlett-Packard.  Inc.)  were  controlled  by  a  microcomputer 
(Model  9816.  Hewien- Packard.  Inc.)  Dielectric  constant  and 
dissipation  factors  were  determined  at  tOO  Hz.  i  kHz.  10  kHz. 
and  100  kHz  as  the  samples  were  cooled  from  230°C  to 
-t00°C  at  a  rat*  ol  2  to  4  degrees  per  minute 

For  piezoelectric  measurements  poling  was  performed  on 
selected  samples  by  Cdoimg  trom  above  the  transition 
temperature  to  room  ttmeeratur*  m  a  stirred  oil  bath  with  an 
applied  field  ot  20  kV-cm.  The  piezoelectric  coefficients  were 
measured  on  a  Berlincourt  dgg-meter  (  Model  CPDT  3000 
Channel  Products.  Inc.)  Th*  planar  coupling  coefficient  k0. 
frequency  constant  NQ.  and  mechanical  Quality  factor  Q  were 
calculated  by  a  resonance  -  ami-resonance  technique  I®  ■  using 
a  spectrum  analyzer  (Model  3S35A,  Hewlett-Packard.  Inc.). 
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3  Results  sno  Discussion 


Figure  1  Phase  diagram  lor  the  PZN  •  PT  -  B*  ternary  system 
Comoosmons  investigated  in  tnes  study  are  marxeo 
by  solid  circles 


s*™**  J 


Figure  2  Processing  steps  tor  tne  second  stage  ct  rratena'S 
preparation 


4S  determined  by  pcwcsr  X-ray  diltraction  py'Od'tO’e 
phase  was  present  oniy  in  compositions  with  i  *  0  H  anc 
0  GS  The  pyrocmore  phase  present  was  louno  to  be  ot  the 
anion  oelcent  PbjNb^O^  'orm  The  perovsxite  phase  was 
stabilised  m  compositions  containing  more  than  S  moie 
percent  PT  Observed  by  X-ray  attraction,  splitting  otthe  (0C2 
peak  begins  to  occur  m  the  7  mole  percent  PT  composition  as 
indicated  m  tne  pet  ot  lattice  constants  versua  compositor 
shown  m  Figure  3  This  4  evidence  mat  the  morpnotropic 
phase  boundary  between  tne  mombohedrai  and  tetragonal 
phases  lies  between  me  6  and  7  percent  PT  compositions 

All  samples  were  found  to  smter  to  greater  man  92*..  st 
theoretical  density  wim  optimum  linng  condition  being  iiOC°C 
for  2  ncjrs  it  4  important  to  note  that  samples  lirec  above 
1 1 2S°C  me'ted 

Plots  ot  me  variation  ot  dielectric  constant  and  diss.cat'C" 
factor  as  a  function  ot  temperature  and  frequency  tor  the  £*■'. 
and  10%  PT  compositions  are  shown  In  Figures  4  and  S. 
respectively.  The  curves  indicate  behavior  typical  of  retaxor 
temoeiectncs  with  a  broad  dielectric  maxima  and  wim  tne  peak 
values  decreasing  witn  increasing  measurement  freouency 
Also  typical  of  reiaxors  me  temperature  of  me  dielectric  maxima 
increased  with  increasing  trecuency  The  dielectric  benavar  ot 
tne  15%  PT  composition,  shown  m  Figure  6.  dearly  indicates  a 
more  normal,  or  ordered,  ferroelectric  behavior  This  increase 
in  order  with  the  PT  content  is  also  ividem  from  the 
nonlinearity  and  dispersion  of  the  Cune  temperatures  (Te's>  as 
shown  m  Figure  7  Discrepancies  in  the  Tc’s  tor  the  4  and  S 
percent  compositions  were  probably  due  to  the  presence  ol 
pyrochiore.  The  peak  dielectric  constants  varied  Horn  9000  to 
15000  (@100  with  the  highest  values  occumng  at  the  6 
moie  percent  P~  composition.  This  4  In  agreement  witn  the 
X-ray  results  ndicating  the  location  ot  the  MPB  to  be 
somewhere  between  6  and  7  mole  percent  PT  compositions 

The  values  ot  the  piezoelectric  coefficient  033 
electromechanical  coupling  coefficient  kp,  frequency  constant 
Np  and  mechanical  quality  factor  O  measured  on  selectee 
samples  are  listed  In  Table  I  Compositions  near  the 
morphotropc  phase  boundary  showed  d33  values  greattr  than 
500  pC/N  and  k_  values  up  to  45%.  Worx  4  now  m  progress  to 
optimize  the  poling  conditions  to  further  improve  piezoeiecmc 
properties  Our  preliminary  work  indicates  the  possibility  of 
finding  compositions  m  ths  system  w«h  properties  comparable 
to  those  ot  modified  PZT  ceramics  ‘*1  with  the  advantage  ot 
considerably  lower  finng  temperatures. 


Mole  percent  PbTi03 


Figure  3:  Lattice  parameters  as  a  function  ot  composition 
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Figure  S  Dielectric  csnstant  and  loss  as  a  tunetion  o< 
temperature  and  trecuency  tor  0  85  PZN  ■  0.10  PT 
•  0  C5  BT 


Figure  S  Dielectric  constant  and  loss  as  a  tunetion  at 
temoerature  and  trecuency  tor  0  80  PZN  •  0  '5  PT 
•  0  05  3T 


4.  Summary 

1 . )  The  perovskrte  phase  was  stabilized  in  the  PZN-PT  system 

by  the  additon  o!  a  small  amount  8aTi03 

2. )  The  location  of  the  morchotrooc  phase  boundary  with  5 

mole  percent  BaTi03  was  determined  to  be  between  6 
ana  7  mcie  percent  PbTiOj  as  determined  by  X-ray 
diffraction  and  dielectric  properties 

3. )  The  dielectric  behavior  was  typical  of  reiaxor  fenoeiectncs 

snowing  more  ordered,  or  normal,  behavior  with  increasing 
PbTi03  content 

4  ]  Peak  dielectric  constants  as  high  as  15  000  ;@i30  Hi) 
were  found  for  compositions  near  the  morpnotropic  phase 
boundary  Maximum  d33  and  k0  values  obtained  were  - 
400  to  500  pC-N  and  -  4S*.v  rescecttveiy.  but  optimization 
ot  poling  conditions  is  still  recuired. 
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Abstract 

A  second  tricritieal  point,  wr.ere  tr.e 
transition  oftanges  from  first  to  second  order,  was 
found  to  occur  near  or  possibly  at  tr.e  aorphotroplc 
phase  boundary  betveen  tne  tetragonal  and 
rhombohedral  phases  in  the  PZT  solid  solution 
systea.  A  second  order  transition  region  occurs 
between  this  tricritieal  point  and  anotner 
tricritieal  point  that  was  previously  snown  to 
occur  at  the  Pb(Zr0> jaTlo.og10 3  composition.  A 
phenomenological  theory  was  developed  for  this 
second  order  transition  region.  Using  an  equation 
derived  from  the  theory,  the  spontaneous  tilt  angle 
of  the  oxygen  octabedra  in  the  low  temperature 
rhoabohedral  phase  was  calculated  from  experimental 
spontaneous  strain  data,  that  was  determined  from 
x-ray  diffraction. 

1.  Introduction 

The  Landau:Ginsburg:Devonshire  theory  for  the 
single  cell  region  of  the  PZT  solid  solution  system 
developed  by  Aain,  et  al.  [1]  was  extended  to 
include  the  low  temperature  rhoabohedral  phase 
field  [2],  which  exhibits  composition  navlng  both 
ferroelectric  polarisation  and  tilted  oxygen 
octahedra.  This  theory  assumed  that  the  phase 
transitions  were  first  order. 

However,  at  the  cublc-rhombohedrai  boundary,  a 
tricritieal  point  has  been  shown  to  exist  at  the 
Pb(Zr0  94*1o.06)03  composition,  where  the 
transition  changes  from  first  to  second  order  [3- 
J).  For  PbZrOj  to  the  tricritieal  point  the 
transition  was  shown  to  be  first  order,  and  a 
region  of  second  order  behavior  occurs  from  tne 
tricritieal  point  over  to  at  least  tr.  e 
?S ( -r0  ggTi0  3  composition  1 6 ] . 

Experimental  spontaneous  strain  data  for 
RbTiTj  and  several  PZT  composition s  ir.  tr.e 
tetragonal  pnase  field  over  to  tr.e  norpnotropic 
pnase  boundary  indicate  that  tr.e  c-cic-tetragcra  1 
p  r.  a  s  e  transition  is  first  order.  A  second 
tricritieal  point  sr.oulo  therefore  occur  between 
?5(ZrQ.88*10.i:);3  ind  =orpnotro?ic  boundary. 

.o  find  tne  second  tricritieal  point,  pure 
homogeneous  sol-gel  derived  PZT  powders  were 
prepared  for  several  compositions  in  tr.e 
rr.osoor.edrai  pnase  field.  The  lattice  parameters 
of  tnese  compositions  were  determined  as  a  function 
of  temperature  from  r.  igr.  temperature  xray 
diffraction,  and  were  -sed  to  calculate  tr.e 
spontaneous  strain.  The  r  e  3  -  -  t  3  of  t  r.  e  c  e 


calculations  and  the  development  of  a 
phenomenological  theory  for  the  second  order 
transition  region  will  be  described. 

2.  Elastic  Gibbs  Free  Energy  Function 

An  additional  term  (td0)  was  added  to  tr.e 
elastic  Gibbs  free  energy  G  to  account  Tor  tr.e 
oxygen  octahedral  tilting  [2.7]: 

dG  •  -SdT  +  EdP  -  xdX  »  td9  (1) 

where  t  is  the  torque  responsible  for  the  tilt  d0. 

The  energy  function  was  expanded  in  a  three- 
dimensional  power  series  of  P  snd  0.  assuming 
Isothermal  conditions.  The  coefficients  of  the 
energy  function  are  limited  by  the  symmetry  of  the 
parae  lectrlc  phase:  m3m  for  PZT.  Using 'reduced 
notation. 

AG  •  al(Pi*P:-?f)*a11(pJ+pJ+pj) 

*  a12(PlP:-?2P3^3Pi>  *  “mlPi+P2*P3> 

*  a112lpi(?24,p3)*p2(pl*p3),'p3<pi+p2)1 

*  a123PlP2P3^1(9I*«2^3,^U(®l+«2^3) 

*  m(pl9l+p292<'p393)"  1/2  slllxi*x2*x3) 

-  3l2(X1X2*X2X3^XJX1)-  1/2  s44(xj*l|*x|) 

-  2n<XiPj*X2?f*X3P^)-Q12U1(p|wpx)*XJ(P^Pz) 

*  X3(?i*P^)]-<i44(X4P2P3*XJP1Pj*XsP1P2) 

-  S11(X19f-X2©|.X3ef)-R12[X1(0|w«|)*X2(0Z-«z' 

-  X3 (9^ *02>  ! ~R44 IX49293 *X j9j93*X j9392)  <2) 

where  oj  and  tr.e  o^  .  and  are  tr.e  dielectric 

stiffness  and  higher' order  stiffnesses,  and 
are  the  octahedral  torsion  constants,  rlx  is  a 
pciarlzatlon-tiit  angle  coupling  coefficient,  tr.e 
s^.  are  the  elastic  compliance  coefficients,  tr.e 
^lj  ar*  cu0ic  electrostricticn  constants,  and  tr.e 
pi;  are  rotostricticr.  coupling  constants  between 
the  stress  and  tr.e  square  of  tne  tilt  angle. 

The  three  solutions  of  Equation  (2).  which  are 
of  interest  in  tr.e  second  order  transition  region 
are : 

C-cic:  '  P?  -  -  0.  9‘  -  .  0  .3! 
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AG  « 

0 

(4) 

Rhombohedral 

(HT):  pJ-P§- 

p|i*o, 

(3) 

AG  “  3«jPj  + 

&P3  +  tP* 

(6) 

-6/ 3+(8 

n2  m 

2/9 -ait>1/2 

P3 

l  /  / 

where 

5  ■  3(a12+a^2)  •  and 

(8) 

i  -  3anl+6an2+a123. 

(9) 

Rhombohedral 

(LT):  Pf-P^- 

p|po,  e^-e^-e2*0 

(10) 

AG  -  IP^+ePj+UP^+lpj 

e2+3fin92+3TuP2e2 

< 11) 

2  2 

PJ  and  were  determined  from  the  following  two 
equations: 

ox  +  2/3  6Pj  ♦  $p}  ♦  ru93  *  0  (12) 


Pi  +  2pn9^  ♦  ruP|  -  0  (13) 

The  spontaneous  elastic  strains  (x,  »  aG/dX^) 
for  the  three  solutions,  under  zero  stress 
conditions,  were  derived  from  Equation  2: 

Cubic  Xj  -  Xj  *  x3  ”  *4  “  *j  *  xj  “  0  (14) 

Rhombohedral  (HT) 

xl'x2**3*(Qll+2Q12)P3-  x4-x5-x6*<i44P3  <15) 

Rhombohedral  (IT) 

Xj  «  x2  »  x3  ■  (Qjj+IQ^JPj  *  (Rll  *2RZ2 ' 

x4  -  x,  -  x6  -  Q44P2  *  R4492  (16) 

3.  Evaluation  of  the  Coefficients  of 
the  Energy  Function 

All  of  the  coefficients  in  Equations  (6)  and 
(11)  were  assumed  to  be  independent  of  temperature, 
except  the  dielectric  stiffness  constant  oj,  which 
was  given  a  linear  temperature  dependence  based  on 
the  Curle-Uelss  law. 


where  C  is  the  Curie  constant.  is  the 

permittivity  of  free  space,  and  T0  (for  a  second 
order  transition)  is  equal  to  the  Curie  or 


homogeneous  sol-gel  derived  powders  of 
Pb(ZrxTii_x)Oj  with  x  equal  to  0.6,  0.7.  0.8  and 
0.9  were  prepared,  as  described  In  reference  10. 
The  spontaneous  strain  x4(*(90-aR) / 90,  where  ap  Is 
the  rhombohedral  angle)  was  calculated  from  high 
temperature  x-ray  diffraction  patterns  of  the  four 
compositions  listed  above,  as  shown  in  Figure  1. 
The  microcomputer  automated  diffractometer  that  was 
used  and  the  analysis  of  the  x-ray  patterns  are 
described  in  Reference  11. 
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Figure  1.  The  spontaneous  strain  x4  plotted  versus 
temperature.  For  clarity  the  PZT  80/20. 
70/30,  and  60/40  data  were  shifted  up  by 
0.3,  1.0,  and  1.3,  respectively. 

The  spontaneous  polarization  (Pj)  of  the  high 
temperature  rhombohedral  phase  was  calculated  from 
the  strain  (x.)  data  using  Equation  (15).  The 
electrostrlc tlon  constant  Q44  was  assumed  to  be 
independent  of  composition  and  temperature,  and 
equal  to  0.02  m*/C  .  This  value  was  calculated 
from  spontaneous  polarization  data  on  a  single 
crystal  of  Pb(Zr0  jTig  ,)0j  [321. 

The  spontaneous  polarization  calculated  from 
the  strain  data  was  then  used  with  Equation  (7)  to 
find  values  of  the  fourth  (6)  and  sixth  ({)  order 
dielectric  stiffness  constant  that  gave  the  best 
fit  of  the  data.  The  values  obtained  are  plotted 
versus  composition  in  Figure  2,  along  with  linear 
least  square  fits  of  the  constants: 

&  -  (-1. 781+18. 70x) ’108  m3/C2F  (19) 

5  -  (  3 .068-6 .601x) '  109  m’/C'V  (20) 

Whatmore,  et  al.  1 4 J  showed  that  on  the  PbZrOj 
side  of  the  first  trlcrltlcal  point  the  fourth  and 


transition  temperature  Te. 

The  transition  temperature  T  was  determined 
from  a  cubic  least  squares  fit  [II  of  the 
experimental  PZT  phase  diagram  [8]: 

Tc  -  (211. 8+486. Ox-280. 0x2+74,42x3)*C.  (18) 

where  x  Is  the  mole  fraction  of  PbTiOj  in  PZT. 

The  Curie  constant  C  was  assumed  to  be 
Independent  of  composition  and  equal  to  2xlO**C”2. 
This  value  was  determined  from  dielectric  constant 
measurements  on  a  single  crystal  of 

Pb<ZrQ.9‘10.1)03  • 

The  fourth  (5)  and  sixth  (<>  order 
rhombohedral  dielectric  stiffness  constants  were 
determined  from  spontaneous  strain  data.  Pure 


sixth  order  constants  were  negative  and  positive, 
respectively.  The  fourth  order  constant  was  shown 
to  decrease  In  magnitude  and  go  to  zero  at  the 
trlcrltlcal  point,  causing  the  transition  to  change 
from  first  to  second  order. 

Figure  2  shows  that  the  fourth  order  constant 
becomes  positive  and  continues  to  increase  for 
compositions  to  the  right  of  the  trlcrltlcal  point. 
The  sixth  order  constant  is  shown  to  decrease 
across  the  rhombohedral  phase  field,  and  from  a 
linear  least  square  fit  of  the  data  goes  to  zero 
near  the  morphotropic  phase  boundary. 

If  the  sixth  order  constant  goes  to  zero  and 
becomes  negative  In  the  rhombohedral  phase  field, 
then  a  second  trlcrltlcal  point  would  occur.  In 
this  case,  eighth  order  terms  would  have  to  be 
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Figure  2.  The  fourth  and  sixth  order  rhombonedral 
dielectric  stiffness  constants  plotted 
versus  composition. 

Included  in  the  energy  function  to  keep  the  energy 
from  going  to  negative  infinity. 

However,  if  the  sixth  order  constant  remains 
positive  throughout  the  rhombohedral  phase  field, 
then  a  different  type  of  second  to  first  order 
behavior  would  occur.  The  order  of  the 
paraelectrlo  -  ferroelectric  transition  would 
change  from  second  to  first  at  the  oorphotroplc 
boundary,  where  second  order  behavior  would  occur 
on  the  rhombohedral  side,  and  first  order  behavior 
on  the  tetragonal  side. 

The  tilt  angle  related  constants  0}  and 
and  the  polarization  -  tilt  angle  coupling 
coefficient  y13  were  related  to  three  new  constants 

Tr-  pRLT(TR)'  and  and  ®RLT(TR>  at  tha  hl8b  t0  low 
temperature  rhombohedral  phase  transition  using 

Equations  (12)  and  (13),  and  by  equating  the 
energies  of  the  two  phases  at  the  boundary.  TR  is 
the  phase  transition  temperature  between  the  high 
and  low  temperature  rhombohedral  phases,  and  was 
determined  from  a  quadratic  least  squares  fit  of 
the  experimental  phase  diagram  (8): 

T„  -  (-36.S+1813x-4636x2)*C  (21) 

PRLT(TR)  and  ®RLT(TR)  are  th*  sP°ntaneous 
polarization  and  tilt  angle  of  the  low  temperature 

rhombohedral  phase  at  the  transition  teoperture  To. 
The  transition  at  TR  is  of  first  order  (6i. 
PRLT<TR)  Ma3  related  to  the  spontaneous 
polarization  of  the  high  temperature  rhombohedral 
phase  at  TR  ^prhT(TH))  using  experimental 
spontaneous  polarization  data  from  a  single  crystal 
of  Pb(Zr0-9Tl0>1)03  [121: 

PRLT(TR)  "  1,09  PRHT(TR)  {22) 

This  relation  was  then  assumed  to  be  independent  of 
composition. 

®RLT(TR)  waa  determined  from  experimental 
spontaneous  tilt  angle  data.  Unfortunately,  tbe 
tilt  angle  has  only  been  determined  for 
Pb(Zr09Ti0>1)03  at  23  and  60*C  [13.14],  and  for 
Pb(Zr0'  <TiQ  .)Oj  at  91  (131  using  neutron 

diffraction.  However,  Equation  (16)  can  be  used  to 
determine  the  spontaneous  tilt  angle  from 
spontaneous  strain  data,  which  can  be  determined 
from  x-ray  diffraction. 


The  electrostrlction  Q44  constant  was 
calculated  in  the  high  temperature  rhombohedral 
phase  from  the  spontaneous  strain  data  and  single 
crystal  spontaneous  polarization  data,  as  described 
above.  The  rotostriction  constant  R<4  was  also 
assumed  to  be  independent  of  composition  and 
temperature,  and  equal  to  -3xlO-5  deg"2.  This 
value  was  calculated  at  23  and  6  0  •  C  for 
Pb(ZrQ  9Ti0  1>0j  from  the  experimental  spontaneous 
strain’,  pofarization,  and  tilt  angle  data  [14], 

The  spontaneous  polarization  of  the  low 
temperature  rhombohedral  phases  was  approximated  by 
assuming  that  it  was  1.09  times  tbe  spontaneous 
polarization  of  the  high  temperature  phase  at  any 
temperature  (see  Equation  22).  The  tilt  angle  was 
then  calculated  from  Equation  (16)  using  the 
experimental  strain  data  (Figure  1)  for  the 
Pb(ZrxTi1_x)0j  compositions  with  x  -  0.7,  0.8,  and 
0.9.  In  Figure  3  the  calculated  tilt  angle  data 
for  Pb(Zr0jTi0  1>03  is  plotted,  along  with  the 
tilt  angle  data  determined  from  neutron  diffraction 
[13,14]. 
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Figure  3.  The  spontaneous  tilt  angle  plotted 

versus  temperature  for  Pb(ZrQ  9T101)03. 

®RLT(TR)  was  det*Tmlned  for  x  *  0.7,  0.8,  and 
0.9  by  fitting  the  calculated  tilt  angle  data  for 
each  of  these  three  compositions.  The 
compositional  dependence  of  ^rit(tr)  was  then 
determined  from  a  quadratic  fit  of  this  data: 

®RLT(TR)  “  4. 006-13. 273x+28.25x2  (23) 

4.  Theoretical  Calculations 

The  theory  developed  in  Section  2  and  the 
values  of  the  coefficients  determined  in  Section  3 
were  used  to  calculate  the  energies  and  spontaneous 
polarizations  and  tilt  angles  for  the  high  and  low 
temperature  rhombohedral  phases.  Figure  4  shows  z 
comparison  of  the  theoretical  and  experimental 
phase  diagrams.  The  solid  curves  are  the 
calculated  phase  boundaries,  and  the  data  points 
are  from  the  experimental  phase  diagram  [8]. 

Tbe  calculated  spontaneous  polarization  was 
plotted  versus  temperature  in  Figure  5.  The 
calculated  values  for  the  Pb ( Zr 0  ,T  i  0  3  )  0  3 
composition  are  in  much  better  quantitative 
agreement  with  the  experimental  single  crystal  data 
[12],  than  the  first  order  theory  that  was 
previously  developed. 

The  spontaneous  tilt  angle  was  plotted  versus 
temperature  in  Figure  6.  The  solid  curves  are  the 
theoretical  calculations,  and  the  data  points  are 
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Figure  4.  Superposition  of  tne  theoretical  and 
experimental  pnase  diagrams. 


Figure  3.  The  spontaneous  polarization  plotted 

versus  temperature. 

from  the  experimental  spontaneous  strain  data  using 
Equation  (14).  as  described  In  Section  3. 

3.  Summary 

A  second  trlcrltlcal  point  was  found  to  occur 
near  or  possibly  at  the  oorpnotroplc  phase 
boundary.  Additional  spontaneous  strain 
measurements  will  be  needed  to  determine  more 
precisely  where  the  second  tricritical  point 
occurs . 

The  spontaneous  tilt  angle  of  the  oxygen 
octahedra  In  the  low  temperature  rr.omoohedral  phase 
was  calculated  from  experimental  spontaneous  strain 
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Figure  6.  The  spontaneous  tilt  angle  plotted 
versus  temperature. 

data.  The  calculated  tilt  angle  data  was  in  good 
agreement  with  neutron  diffraction  data. 

A  phenomenological  theory  was  developed  for 
the  second  order  region  of  the  PZT  solid  solution 
system.  The  experimental  and  theoretical  pnase 
diagrams  were  shown  to  agree  very  well.  The 
calculated  spontaneous  polarization  for  the 
Pb(ZrQ  9Ti0  jJOj  composition  was  In  mucn  better 
quantitative  agreement  with  single  crystal  data, 
than  the  first  order  theory  that  was  previously 
developed. 
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Abstract 

Properties  of  a  number  of  compositions  in  (1- 
x-ylPbdnj/jNbj/jlOj-x  3aTi0j-y  PbTiCj  systems 
have  been  investigated  for  mi o rcpo3i t loner 
applications.  For  room  temperature  applications, 
ceramics  with  0.85  PZN-0.1BT-0.05  PT  composition 
showed  optimum  properties.  El  ec t  ros  trie ti  v  e  , 
coefficients,  switching  speed,  strain  vs"! 
temperature  behavior  at  constant  electric  field, 
dielectric  and  pyroelectric  properties  are 
reported  here.  These  properties  are  compared  with 
those  of  0.9PMN-0.1PT  which  is  currently  the 
favored  e 1 ec t ros t r 1 c t 1 v e  ceramic  for  room 
temperature  applications. 


1.0  Introduction 

Lead  zinc  nlobate  (PZN)  is  one  of  the  few 
relaxor  type  ferroelectric  materials  with  a  high 
transition  temperature  (140°C).  PZN  single 
crystals  show  a  very  high  dielectric  constant  near 
the  transition  temperature  (70,000  at  120  Hz)  [11. 
The  crystal  has  rhombohedral  symmetry  below  140#C 
and  cubic  symmetry  above  this  transition 
teaperature.  It  forms  solid  solutions  with  PbTiO, 
(PT)  and  has  a  morphotroplc  phase  boundary  (MP3) 
at  a  composition  close  to  9  mole*  of  PT.  Single 
crystals  of  0.91  PZN  -  0.09  PT  show  excellent 
electromechanical  properties  [2], 

PZN  ceramics  have  not  yet  been  synthesized  in 
pure  perovskite  form.  Recently  it  has  been  shown 
that  an  addition  of  6  to  7  mole*  of  BaTiOj  (BT) 
stabilizes  the  perovskite  structure  [61.  Phase 
stability  and  dielectric  properties  of  ceramics  in 
PZN-BT  and  PZN-3T-PT  systems  have  been  reported 
elsewhere  [3,41. 

Several  compositions  in  the  PZN-3T-PT  system 
were  analyzed  for  electrostrlc t i v e  applications. 
Ceramics  with  0.85  PZN-0.1BT-0.05PT  composition 
snowed  optimum  properties  for  room  temperature 
ml c ro pos 1 t 1 o n er  applications.  Dielectric, 
pyroelectric  and  el  ec tros trie  1 1  v e  properties  of 
this  composition  are  presented  in  this  paper.  A 
detailed  account  of  properties  of  several 
compositions  in  the  PZN-BT-PT  system  will  be 
published  later. 


2 .  Sample  Preparation 

Details  of  the  procedure  followed  for  ceramic 
preparation  can  be  found  in  references  3  and  4. 
Briefly,  powders  of  lead  oxide,  barium  carbonate, 
niobium  oxide,  zinc  oxide  and  titanium  oxide  were 
mixed  in  stoichiometric  ratio  in  a  ball  mill  with 
alcohol.  One  wt*  excess  of  PbO  was  added  to 
compensate  for  PbO  loss  during  calcination  and 
sintering.  The  calcined  powder  was  ball  milled 
and  mixed  with  PVA  binder  and  pellets  of  12mm 
diameter  and  2-3mm  thickness  were  pressed.-  After 
binder  burn  out,  sintering  was  carried  out  at 
1150°C/lh  in  a  sealed  alumina  crucible  with  PbO- 
ZrOj  source.  Care  was  taken  to  keep  the  total  wt. 
loss  below  1  wt*  during  calcination  and  sintering. 
Powder  x-ray  diffraction  patterns  taken  on 
calcined  powder  and  sintered  ceramics  showed  pure 
perovskite  structure. 

3.  Measurements 

Capacitance  of  circular  gold  electroded 
samples  were  measured  at  various  temperatures 
using  a  computer  controlled  measuring  system  and  a 
Delta  Design  furnace.  From  the  accumulated  data 
dielectric  constant  was  calculated.  Pyroelectric 
current  was  measured  by  heating  a  poled  sample 
from  -25  •  C  to  125*C.  A  4*C/min  constant  heating 
rate  was  provided  by  a  Delta  Design  furnace 
controlled  by  a  Hewlett  Packard  computer. 
Pyroelectric  coefficient  was  calculated  from  the 
accumulated  pyroelectric  current  data. 

Electrostrictlve  properties  were  studied  by 
strain  gage  method  [5].  A  polylmide  foil  strain 
gage  was  cemented  on  a  rectangular  sample  with 
gold  electrodes.  An  alternating  electric  field 
(E)  at  0.1Hz  was  applied  to  the  sample  and  the 
strain  (s)  was  measured  by  forming  a  Wheatstone 
bridge  with  three  other  strain  gages  and  by 
amplifying  the  offset  introduced  by  electric 
field.  Simultaneously  hysteresis  plots  of 
electric  field  vs.  polarization  (E  vs.  P)  were 
recorded  using  a  Sawyer-Tower  circuit.  Using  a 
digital  storage  oscilloscope  polarization  vs, 
3train  plots  (P  vs.  s)  were  also  recorded.  All 
the  above  measurements  were  made  at  various 
temperatures.  Electrostrictlve  Q ^  ^  coefficients 
were  calculated  using  the  relatlonJ3j  *  QijPi  . 
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Figure  4.  Longitudinal  and  transverse  a 
coefficient  va.  temperature. 
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Figure  6.  Variation  of  maximum  strain  vs. 

temperature  ror  25  xV/cm  olas  field 
[calculated  from  Figure  5). 
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Figure  5.  Strain  vs.  positive  bias  field  at 
various  temperature. 


is  obvious  that  pure  electrostrictive  behavior  is 
observed  above  40*C  (Fig.  3).  A  least  square  fit 
analysis  showed  the  magnitudes  of  Qjj  and  Q12  to 
be  0.018  m*/C2  and  -0.0085  mVC2  respectively 
(Fig.  4).  These  values  are  comparable  to  the 
magnitudes  reported  for  other  relaxor  materials 
[8]  . 

The  effects  of  applying  a  bias  field  on 
transverse  strain  were  studied.  A  25  XV/cm  field 
was  applied  in  the  positive  direction  at  0.1Hz. 
The  results  of  the  measurement  are  plotted  in  Fig. 
5.  Very  slim  reproducible  curves  were  noticeable 
at  all  temperatures.  The  variation  of  maximum 
strain  with  temperature  is  shown  in  rig.  S.  Since 
tne  peax  value  occurs  near  40’C.  tne  temperature 
coefficient  of  strain  was  not  calculated. 


£.  FitLC  (KV/cmi 

Figure  7.  Extrapolation  of  electric  field  vs. 
polarization . 


Since  reiaxor  rerroeiectrlcs  do  not  snow  eitner  a 
first  order  or  second  order  cnaracteristic.  in  the 
normal  sense,  no  restrictions  were  put  on  a,  p. 
or  v.  P  vs.  E  plots  were  used  to  calculate  a.  p 
and  v.  Knowing  o,  p  and  v,  electric  field  values 
were  extrapolated  to  a  mgner  polarization  value. 
A  similar  analysis  was  carried  out  for  0.9PMN- 
0.1PT  also  (Fig.  7).  An  electric  field  of  about 
70  KV/cm  is  sufficient  to  get  tne  needed 
polarization  of  0.36  c/m 2  for  the  0.8SPZN-0.1BT- 
0.05PT  composition.  To  achieve  the  same  strain  in 
0.9PMN-0.1PT  greater  tnan  200  KV/cm  is  needed. 


An  electric  field  of  about  100  XV/cm  can  be 
applied  very  easily  -  if  the  material  is  prepared 
in  multilayer  configuration.  From  the  equation 
s,2  *  -'3j2P  4  can  shown  that  a  polarization 
of  0.36  C/m*  is  needed  to  get  0.1*  transverse 
3train.  To  calculate  the  corresponding  electric 
field,  the  following  thermodynamic  equation  was 
used . 


E  .  aP  ♦  3P3  *  vP5 


(1) 


Faster  switching  speed  is  one  of  tne 
important  criteria  for  m  1  c r o po s 1 1 1 o n e r 
applications.  Switching  speed  was  measured  by 
applying  a  pulse  to  the  samples  and  measuring  tne 
decay  current  16).  PZN  showed  a  switching  speed 
of  approximately  1.5u  sec  at  an  applied  rield  of 
25KV/cm.  For  a  comparison  a  0.9PMN-0.1PT  sample 
under  similar  conditions  showed  a  switching  speed 
of  approximately  3.5u  sec. 
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5.  Conclusions 


Electrostrictlve  properties  of  PZN  ceramics 
of  composition  0.85PZN-0.13T-0.05P?  were 
investigated  for  microposi  tior.er  applications. 
The  e l ec tros trie ti v a  u  coefficients  of  this 
composition  are  comparable  to  PMN  based  ceramics. 
Lower  dielectric  constant,  approximately  50* 
larger  transverse  strain  for  the  same  applied 
electric  field  and  comparable  switching  speed  make 
the  PZN  compositions  preferable  to  PMN  oased 
ceramics  (Table  1).  In  a  multilayer 
configuration,  a  transverse  strain  of  10  x  10  4 
can  be  expected  at  approximately  70  kV/cm  in  PZN 
compositions  and  at  least  twice  this  strain  can  Se 
expected  in  a  longitudinal  configuration. 


TABUS  1  Comparison  ot  :he  Properties  of  0.85 
PZN  -  0.1BT  -  0.05PT  and  0.9PMN  -  0.1PT 
Ceramics 


PZN  -  BT  -  PT 

?«N  - 

PT 

Room  Tempera¬ 
ture  Dielectric 
Constant 

7000 

25000 

Tmax  at  100  H* 

75*C 

30«C 

Tt 

27*C 

0«C 

an 

0.018  m4/CJ 

0.022 

m4/C2 

=>12 

-0.008S  m4/C2 

-0.009 

m4/C2 

Transverse  strain 
at  25KV/cm 

*+■ 

1 

o 

H 

X 

v© 

4.0  x 

10'4 

Calculated  E. 

Field  for  s12  * 

10  x  10~4 

70KV/cm 

>200KV/cm 

Switching 

speed 

1.5  it  sec 

3.5  it 

sec 
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Abstract 


Strain 


A  finite  difference  method  of  analyzing  actuators  for 
electrostrictive  and  piezoelectric  materials  will  be  discussed. 
Recent  analysis  of  devices  via  numerical  techniques  and 
applications  to  electromechanical  systems  are  demonstrated. 
Operating  parameters  and  ceramic  systems  lor  multiphase  devices 
are  proposed  which  show  performance  criteria  for  actuator 
applications.  Examples  of  the  numerical  treatment  of  specific 
devices  such  as  axial  positioners  and  linear  resonators  will  be 
included. 


1.  Introduction 


Lead  zirconate  titanate  (PZT)  and  barium  titanate  (BaTiOo)  are 


i  m3)  an 

two  widely  used  materials  in  the  electroceramics  industry.  F*ZT  is 
used  principally  in  electromechanical  applications  while  BaTiOg  is 
used  primarily  as  a  capacitor  dielectric.  Recently  the  non-linear 
response  of  these  materials  been  investigated  lor  multilayer 
devices.  The  piezoelectric  response  of  etched  PZT  devices  and 
the  elasto-electric  response  of  multilayer  electrostrictive  materials 
have  been  modeled  using  the  Finite  Difference  method. 

This  paper  reviews  research  at  the  Materials  Research 
Laboratory  on  the  modeling  of  electroceramic  materials.  A 
description  of  the  finite  difference  method  (FD)  as  applied  to  the 
response  of  electroceramic  materials  and  the  results  of  electric  field 
analysis  for  multilayer  high  permittivity  materials  is  presented. 
Analysis  depicting  linear  elastic  fracture  in  ceramics  are  shown. 
Frequency  response  of  admittance  for  a  poled  and  etched  PZT 
device  is  compared  with  numerical  analysis. 


2  Problem  Description 


Many  materials  exhibit  the  nonlinear  electrostrictive  effect 
evident  in  polarizable  solids;  examples  include  glasses  and 
electroceramics  such  as  barium  titanate.  In  addition  piezoelectric 
materials  like  poled  lead  zirconate  titanate  ceramics  exhibit  a  linear 
response  to  an  applied  strain  or  electric  field,  as  shown  in  Figure  1 
These  electromechanical  effects  are  useful  in  both  the  electronic 
and  mechanical  control  industries.  Because  of  a  high  dielectric 
constant,  ceramic  BaTiOg  is  widely  used  in  the  capacitor  industry, 
its  function  .however,  is  limited  by  its  breakdown  voltage  as  well  as 
its  temperature  stability  and  charge  storing  capability.  Internally, 
although  a  ceramic  is  traditionally  considered  to  be  a  homogeneous 
material,  it  is  actually  a  heterogeneous  multiphase  system  with 
embedded  processing  and  packaging  flaws.  Such  a  material 
contains  pores,  delaminations  .and  misplaced  electrodes  due  to 
inconsistencies  in  the  processing,  see  Figure  2.  The  packaging  and 
integration  of  components  on  a  circuit  board  brings  additional 
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problems.  All  of  these  flaws  taken  together  or  singly  may  result  in 
premature  degradation  of  the  component,  device  .  or  entire  circuit 
module  .  therefore  it  is  important  to  identify  critical  design  features 
which  may  have  deleterious  effect  on  the  overall  performance,  in 
addition  multiple  layer  systems  employed  as  actuators,  resonators, 
and  sensors  must  be  correctly  designed  for  accurate 
determination  of  motion  as  in  positioner  applications  and 
mechanical  resonator  applications. 

A  Finite  Difference  computer  model  has  been  used  to  analyze 
non-conductive  multilayer  capacitors  and  actuators.  This  model 
applies  to  devices  which  can  be  represented  in  two  dimensions  with 
embedded  second  phases  of  gaseous  inclusions  or  conductor 
material  of  arbitrary  geometries.  Results  for  electrostatic  analysis  of 
multilayers  are  represented  as  the  ratio  of  local  electric  field 
concentrations  to  the  applied  field.  Electrostrictive  and 
piezoelectric  strains  can  be  calculated  knowing  the  appropriate 
electromechanical  properties.  These  types  of  studies  are  intended 
to  delineate  the  electric  field  induced  internal  stresses  which  may 
lead  to  mechanical  fracture  as  well  as  electrical  breakdown 
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Identification  of  stress  fields  could  result  in  alternative 
manufacturing  techniques  and  improved  quality  control,  which 
would  identify  and  eliminate  harmful  flaws,  improved 
electromechanical  actuator  or  resonator  designs  will  be  possible  by 
tailoring  electrode  patterns  to  precise  performance  specifications 
for  frequency  and  energy  dissipation  requirements. 

The  FO  technique  is  applied  to  a  continuum  that  may  be 
divided  into  a  Unite  number  of  discrete  nodes  with  each  node 
representing  an  unknown  scalar  value.  Discretized  equations  at  the 
nodal  points  are  then  used  to  replace  the  continuuum  differential 
equations.  Figure  3  depicts  the  discretized  media  and  the  form  of 
the  linear  differential  equation.  Solution  of  the  equations  may  then 
be  found  via  direct  or  iterative  linear  algebra  procedures.  The 
precision  of  the  FD  technique  will  be  dependent  on  the  manner  of 
discretization  of  the  domain,  the  computing  machine,  and  the 
method  of  solution.  The  technique  used  here  depends  on  a 
rectilinear  mesh,  although,  polar  discretization  and  nonlinear 
dieiectric(i]  has  also  been  treated  by  other  investigators. 

in  this  paper  we  have  applied  the  FO  method  to  investigate  two 
types  of  problems,  an  electrostatics  problem  with  applications  to 
steady-state  actuator  design  and  a  mechanical  dynamics  problem 
for  resonators.  In  the  first  problem  the  electric  field  results  and  the 
electro-mechanical  properties  are  used  to  determine  stress  and 
strain  distributions  within  a  BaTiOo  ceramic  with  gaseous  inclusions. 
In  the  second  problem  the  FD  method  is  used  to  predict  the 
frequency  response  of  etched  PZT  ceramic  with  arbitrary  electrode 
patterns. 

3.  Electrostatic  and  Electromechanical  Analysis 

For  field  problems  analyzed  in  this  publication  the  Laplace 
equation  was  treated  by  the  method  of  central  differences.  This  is  a 
divided  difference'  scheme  and  is  commonly  used  to  analyze 
continuum  problems.  The  simultaneous  solution  of  all  equations 
will  yield  the  potential  at  all  nodal  points  in  the  field.  Boundary 
conditions  are  specified  for  both  the  perimeter  of  the  field  and  the 
embedded  gaseous  phases  or  conductors.  Symmetry  conditions 
are  applied  where  permitted.  In  this  analysis  the  conductor  is 
treated  as  a  constant  potential  surface  and  the  far  field  condition  is 
approximated.  The  accuracy  of  the  far  field  assumption  is 
dependent  on  the  distance  from  the  inclusion  and  the  boundary 
condition  at  the  inclusion.  In  some  cases  the  interphase  boundary 
condition  at  the  inclusion  may  be  approximated  if  the  ratio  of 
permittivities  between  the  two  phases  is  large  This  is  shown  in  the 
comparison  between  a  closed-form  and  a  numerical  solution  of  a 
circular  inclusion  between  two  electrodes,  figure  4. 


Fig  3  Multilayer  Capacitor  Analysis 
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Fig.  4  Accuracy  of  approximate  numerical  method 

Beside  the  assumptions  in  the  numerical  calculations  .  there 
are  further  restrictions  placed  on  the  geometrical  resolution.  In  the 
continuum  each  phase  is  assumed  to  be  homogeneous,  however 
the  grain  size  in  the  actual  ceramic  will  alter  the  electric  field  and 
thereby  place  a  lower  limit  on  the  validity  of  the  numerical  results. 
The  nodal  discretization  will  therefore  be  limited  by  the  physical 
nature  of  the  material.  The  analysis  has  been  applied  to  flaws  m 
uniform  and  non-uniform  fields  where  the  permittivity  of  the  flaw  is 
much  lower  than  that  of  the  surrounding  dielectric.  Initial  checks 
were  made  with  closed-form  spherical  solutions.  These  closed  form 
solutions  were  derived  for  flaw  geometries  in  uniform  and  static 
fields  and  then  compared  to  the  numerical  results. 

Multilayer  actuator  configurations  were  analyzed  in  order  to 
determine  the  variation  of  strain  in  the  margins  due  to  the 
non-uniformity  of  the  electric  field.  Results  of  the  electrical  field 
analysis  are  directly  applied  to  the  constitutive  electromechanical 
equations  in  order  to  analyze  elect  restrict  ion  The  constitutive 
equations  for  piezoelectric  and  electrestricttve  effects  we 

x.c/EtsX+ME2 

where  x  is  the  strain,  d  is  the  piezoelectric  matrix,  E  the  electric 
field,  s  the  elastic  compliance.  X  the  stress.and  M  the 
electrostrictive  matrix,  in  the  second  equation  the  P  is  the 
polarization.  kr  the  relative  permittivjty,  and  kg  the  permittivity  of  free 
space  Figures  5  and  6  depict  the  configuration  analyzed  and  the 
equipotential  contours  for  a  hypothetical  specimen  including  a 
delamination  on  one  of  the  conductors.  The  total  deformation  is  the 
sum  of  the  incremental  deformations  across  each  discrete  volume 
To  preclude  fracture  a  low  elastic  stiff nesspolymer  may  be  required 
for  the  margin  region.  From  the  field  potentials  it  is  possible  to 
determine  critical  areas  in  the  design  of  the  actuator  as  well  as  the 
deformation  of  the  device. 
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Fig  5  Multilayer  Actuator  Configuration 
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Fig  8  Enhanced  Electrostriction  near  Crack 
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Fig.  6  Electric  Potential  Analysis  of  a  Multilayer 


Particularly  interesting  phenomena  in  vod  formation,  crack 
propagation,  and  fatigue  due  to  electrical  loading  may  be  studied. 
In  the  case  of  linear  elastic  fracture  the  local  electric  field  in  the 
dielectric  will  transform  the  mechanical  stress  intensity  factor  by 
imposing  an  additional  strain  component  which  may  ad  or  hinder 
crack  propagation.  Electrical,  mechanical,  and  thermally  induced 
strains  must  be  superimposed  to  determine  the  likelyhood  of  the 
material  to  propagate  a  crack.  For  this  study,  no  numerical  analysis 
was  performed  to  determine  deformation  in  the  conductors  or  to 
calculate  residual  thermal  strains  from  processing.  The  elastic  and 
electrical  interaction  may  be  demonstrated  in  design  diagrams  like 
Figure  7.  This  diagram  relates  the  mechanical  fracture  strength  due 
to  an  edge  crack  of  indicated  geometry  to  the  applied  electric  field 
and  the  crack  length.  Here  crack  propagation  will  be  governed  by 
the  residual  stress  near  the  critical  crack  and  the  extent  of  the  crack. 
The  geometry  at  the  tip  of  the  flaw  will  deform  as  shown  in  Figure  8 
causing  a  decrease  in  the  strength  of  the  ceramic.  This  was 
demonstrated  by  others{2]. 

In  addition  to  mechanical  integrity  the  electrical  field  may  directly 
initiate  gaseous  breakdown  via  entrapped  voids  or  delaminations. 
Field  strengths  may  rise  to  such  levels  that  partial  discharges  may 
result  in  the  gas  within  the  inclusion,  inception  of  gaseous 
discharge  may  be  estimated  using  Paschen  s  theory 


4  Dynamical  Resonator  Analysis 

An  analytical  description  of  an  electrostrictive  mechanical 
resonator  may  be  obtained  by  combining  the  constitutive 
electrostrictive  equations  with  the  mechanical  equations  of  motion 
The  mechanical  force  balance  may  be  written  as 

MU  ♦CU  +  KU  -  F 

where  U  are  the  displacements  and  U.  U  its  time  derivatives.  M  the 
mass  in  the  system.  C  the  damping  in  the  system,  K  the  elastic 
spring  stiffness,  and  F  the  mechanical  force.  From  the  electrical 
force  balance  an  elongation  of  the  system  due  to  charge  separation 
occurs: 

*uvV  -  F 

where  Kuv  is  the  piezoelectric  stiffness  from  electric  potential 
change.  If  only  the  nonlinear  electromechanical  effect  is 
represented  in  the  material  the  electrostrictive  stiffness  matrix  would 
replace  the  piezoelectric  matrix  and  the  force  balance  becomes 

K^yZ-F 

Of  course  the  full  electromechanical  resonator  expression  will 
require  the  expansion  of  all  higher  order  potential  terms,  inelastic 
mechanical  force  terms  usually  being  neglected.  In  such  a  system 
the  full  formulation  ignoring  damping  and  including  cross  coupling 
between  electromechanical  stiffnesses  may  be  written  as 


Figure  9  shows  the  electromechanical  resonator  matrix  formulation 
if  only  piezoelectric  resonance  terms  are  involved. 
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Fig. 7  Stress  Near  Void  due  to  Electric  Field 


Fig,  9  Matrix  Formulation  of  Piezoelectric  Resonator 
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7.  Reterences 


Fig.  10  Poled  and  Etched  PZT  Ceramic  Resonator 


The  eigenvalue  problem  was  solved  for  a  undamped  system 
consisting  of  a  poled  and  etched  PZT  sample.  Figure  10  shows 
the  sample  configuration  and  dimensions.  The  sample  was 
electroded  on  the  top  and  bottom  surtaces  and  an  impedance 
analyzer  was  used  to  determine  the  resonant  frequencies.  From 
the  numerical  analysis  it  was  determined  that  the  midpoint  of  the 
resonant  and  anti  re  so  riant  frequencies  for  the  width  mode  across  a 
representative  section  would  be  1.6  MHz  Other  anlaytically 
determined  frequencies  were  the  length  mode  at  250  KHz  and  the 
half  length  mode  at  480  KHz.  Experimental  results  are  plotted  in 
Figure  1 1 .  AH  experimental  resonator  results  seem  to  substantiate 
the  numerical  model  to  within  limitations  of  the  processing  accuracy 
of  the  etched  and  electroded  sample  dimensions.  Testing  of  the 
etched  resonator  is  continuing  to  determine  loss  performance  and 
electro strictive  recovery  period. 


5.  Conclusions 


It  has  been  demonstrated  that  electrical  and  mechanical 
characteristics  of  actuators  and  resonators  are  being  successfully 
analyzed.  In  particular  device  performance  has  been  determined  via 
numerical  analysis  for  certain  wen  defined  ceramic  systems  namely 
barium  titanate  and  lead  zirconate  titanate.  Both  internal 
degradation  mechanisms  as  well  as  overall  device  performance  is 
being  determined  for  multilayer  ceramic  electromechanical 
actuators.  Work  has  begun  on  the  dynamical  characterization  of 
PZT  resonators  for  specific  device  applications. 
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LOW  TEMPERATURE  DIELECTRIC,  PIEZOELECTRIC  AND  EUSTIC  PROPERTIES  OF  PURE  (UNDOPED)  PZT  CERAMICS 
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Ateatrut 

Pure  (undoped)  PZT  ceramic  samples  at 
compositions  across  the  ferroelectric  region  of  the 
phase  diagram  have  been  prepared  from  sol-gel 
derived  fine  powders.  Excess  lead  oxide  was 
Included  In  the  PZT  powders  to  obtain  dense  < 95—96 
percent  of  theoretical  density)  ceramics  with  large 
grain  size  (1  7pa),  and  to  control  the  lead 
stoichiometry. 

The  dielectric,  piezoelectric,  and  elastic 
properties  were  measured  from  4.2  to  300K.  At  very 
low  temperatures,  the  extrinsic  domain  wall  and 
thermal  defect  motions  ’freeze  out.’  The  low 
temperature  dielectric  data  will  be  used  to 
separate  the  sixth  order  dielectric  stiffness 
coefficients  in  a  phenomenological  theory.  The 
extrinsic  contribution  to  the  properties  can  then 
be  separated  from  the  single  domain  properties 
derived  from  the  theory. 


1.  Introduction 

Piezoelectric  lead  zlrconate  tltanate  (PZT) 
ceramics  have  been  used  In  a  wide  range  of 
applications  since  the  l9S0's  [1],  However,  the 
growth  of  good  quality  single  crystals  of  PZT  for 
compositions  across  the  entire  phase  diagram  has 
not  been  accomplished.  Clarke  and  Whatmore  (2) 
have  described  the  previous  attempts  at  growing 
single  crystals  of  PbZrxTi i-x03 .  and  have  found 
that  crystals  of  reasonable  quality  can  be  grown 
within  the  ranges  1  ]  «  >  0.84  and  0.25  >  x  2  0, 
but  were  unsuccessful  for  values  of  x  between  these 
two  ranges. 

Due  to  the  lack  of  PZT  single  crystal  data, 
the  development  of  a  phenomenological  theory  of  PZT 
has  been  complicated  and  involved  indirect  methods 
of  determining  the  coefficients  of  an  energy 
function  (3-51.  Additional  experimental  data  is 
needed  to  separate  the  sixth  order  dielectric 
stiffness  coefficients  [51.  Dielectric  constant 
measurements  on  ceramic  samples  at  low 
temperatures,  where  the  extrinsic  domain  wall  and 
thermal  defect  motions  ’freeze  out*  [<,71,  may 
provide  this  data. 

Pure  bomogeneous  PZT  ceramic  samples  at 
compositions  across  the  phase  diagram  have  been 
prepared  from  sol-gel  derived  fine  powders.  The 
low  temperature  dielectric,  piezoelectric,  and 
elastic  properties  were  measured  from  4.2  to  300K. 
The  procedure  used  to  prepare  the  sol -gel  powders 


and  ceramic  samples,  along  with  the  low  temperature 
measurement  apparatus,  will  be  described  in  the 
next  section.  The  results  of  the  measurements  will 
then  be  discussed. 

2.  Experimental  Procedure 

A  sol-gel  method  similar  to  the  procedure 
described  in  Reference  8  was  used  to  prepare  PZT 
compositions  with  four  to  eight  mole  percent  excess 
lead  oxide,  depending  on  the  composition.  The 
starting  chemicals  were  lead  acetate 
[  P b ( C , H , 0 j ) j ‘ 3 H 20  ]  ,  titanium  lsopropoxlde 
[  T 1 ( 0C , H i )  4 1 ,  and  zirconium  n-propoxlde 
[Zr(0C,H7)4] . 

The  lead  acetate  was  dissolved  In 
methoxyethanol  (CjHgOj)  In  a  three  neck  reaction 
flask.  To  remove  the  adsorbed  water,  a  reflux 
condenser  was  connected  to  the  reaction  riaak,  and 
the  solution  was  heated  until  the  temperature 
reached  1 2 5 • C  (the  boiling  point  of 
methoxyethanol).  After  cooling  the  solution  to 
7S*C,  the  titanium  lsopropoxlde  and  zirconium  n- 
propoxlde  were  added,  and  again  heated  to  125*C  to 
drive  off  excess  methoxyethanol. 

The  solution  was  cooled  to  -2S*C  with  a  liquid 
nitrogen  lsopropanol  bath.  The  water  for 
hydrolysis  (4  moles  H2O  per  mole  alkoxlde)  was 
first  mixed  with  an  equal  amount  of  methoxyethanol. 
and  then  added  to  the  cooled  solution.  By  slowly 
heating  the  flask  up  to  room  temperature  (or  higher 
depending  on  composition),  the  solution  gelled. 
The  gel  was  then  heated  in  a  100*C  oven  for  one  to 
two  days  until  dry. 

The  dried  gels  were  calcined  at  800*C  for  one 
hour.  The  calcined  powders  were  then  ground,  and 
pressed  into  pellets  without  binder  under  a 
pressure  of  50,000  psi.  The  green  pellets,  with 
four  to  eight  mole  percent  excess  lead  oxide,  were 
sintered  on  platinum  sheets  In  a  set  of  alumina 
crucibles  with  a  lead  source  powder.  The  samples 
were  sintered  at  a  range  of  temperature  from  1000 
to  1260’C  for  20  to  <0  hours  depending  on  the 
composition.  The  sintered  ceramic  samples  had 
densities  of  95  to  96  percent  of  theoretical 
density,  and  average  grain  sizes  larger  than  7  urn. 

X-ray  diffraction  patterns  of  the  calcined 
powders  showed  that  both  perovskite  PZT  and  lead 
oxide  were  present.  However,  after  sintering,  no 
lead  oxide  diffraction  peaks  could  be  detected. 
Indicating  that  the  excess  lead  oxide  was 
volatilized  during  sintering. 
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Coexistence  of  tbe  tetragonal  and  rhombonedral 
phases  was  found  froa  x-ray  diffraction  to  occur 
for  compositions  one  Bole  percent  on  either  side  of 
the  morphotroplc  boundary.  This  Is  ouch  narrower 
than  tbe  coexistence  region  normally  achieved  froo 
the  Bixed  oxide  aethod,  but  not  as  narrow  as  that 
reported  for  a  coprecipitation  method  [9], 

The  ceramic  samples  were  sputtered  with  gold 
electrodes,  and  poled  with  electric  fields  of  20  to 
40  KV/cm  for  4  to  30  minutes.  The  piezoelectric 
strain  coefficient  djj  was  then  measured  using  a 
Berlincourt  Piezo-djj  meter  to  determine  the 
completeness  of  poling.  The  poled  discs  were  out 
into  bars,  cylinders,  and  discs  according  to  the 
I.R.E.  Standards  [101. 

The  apparatus  used  for  the  low  temperature 
measurements  was  composed  of  an  Air  Products  and 
Chemicals  model  LT-3-110  cryogenics  system,  which 
can  stably  control  tbe  temperature  from  4.2  to 
300K.  The  dielectric  and  resonance  properties  were 
measured  on  a  Hewlett  Packard  4270A  automatic 
digital  capacitance  bridge  and  3S83A  Spectrum 
analyzer.  The  samples  with  thermal-resistance  wire 
attached  as  leads,  were  shielded  in  a  copper 
enclosure.  The  samples  were  first  cooled  down  to 
4.2K,  and  then  tbe  measurements  were  made  during 
beating  to  300K.  The  I.R.E.  standard  method  [10] 
for  piezoelectric  resonance  measurements  wa3  used 
for  the  calculations. 

3.  Results  and  Discussion 


direction,  and  dominates  tbe  decrease  in  dielectric 
constant  from  90-degree  domain  reorientation. 

For  the  rhombohedral  compositions,  the 
dielectric  constant  decreases  when  poling  the 
samples.  This  net  decrease  occurs,  because  the 
decrease  of  the  dielectric  constant  due  to  the  71 
(109)  degree  domain  reorientation  dominates  the 
effect  of  the  removal  of  compression  [11], 

The  dielectric  constant  and  dissipation  factor 
for  several  PZT  compositions  are  plotted  versus 
temperature  in  Figure  2.  The  dielectric  constants 
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The  dielectric  constant  at  room  temperature 
was  plotted  versus  composition  for  poled  (measured 
parallel  to  tbe  poling  direction)  and  unpoled 
ceramic  samples  in  Figure  1.  The  peak  in  the 
dielectric  constant  occurs  close  to  the 
morphotroplc  phase  boundary  between  the  tetragonal 
and  rhombohedral  phases  at  a  composition  of 
approximately  Pb(Zr0  .32**0.  4g)0j.  By  poling  the 
samples  tbe  dielectric  constant  increased  and 
decreased  for  the  tetragonal  and  rhombohedral 
compositions,  respectively. 

The  increase  of  the  dielectric  constant  when 
poling  the  tetragonal  samples  was  previously 
explained  [11]  as  being  due  to  the  ellaination  of 
the  effect  of  compression  of  the  180-degree 
domains.  This  occurs  due  to  tbe  virtually  complete 
180-degree  domain  reorientation  along  the  poling 
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Figure  1.  The  dielectric  constant  for  poled  and 
unpoled  ceramic  samples  at  room 
temperature  plotted  versus  composition. 
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Figure  2.  The  a)  dielectric  constant  and  b) 
dissipation  factor  for  several  PZT 
compositions  plotted  versus  temperature. 
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Figure  3.  The  coupling  factors  a)  and  b)  <3-j ,  piezoelectric  strain  coefficients  c)  d31,  and 

d)  djj.  e)  elastic  coapliance  coefficient  s31.  and  f)  frequency  constant  for  several 
PZT  compositions  plotted  versus  temperature. 
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of  the  compositions  close  to  the  aorphotropic 
boundary  shoved  a  auoh  stronger  taaparatura 
dapandanoa  than  tba  coaposltloD  away  froa  tha 
boundary. 

Broad  peaks  in  tba  dissipation  factor  versus 
taaparatura  ware  found  to  occur  at  225  to  250K  for 
tba  rhoabobedral  ooaposltions .  and  at  100  to  150K 
for  tba  tetragonal  coaposltlons.  Tba  different 
activation  energies  for  doaaln  wall  notion  In  tba 
tetragonal  and  rboabobedral  samples  would  possibly 
accouot  for  tbasa  loss  peaks,  and  is  presently 
undar  further  Investigation.  The  PZT  52/41 
composition,  which  showed  coexistence  of  both 
tetragonal  and  rhoabobedral  phases,  had  loss  peaks 
in  botb  temperature  ranges. 

figure  3  snows  the  temperature  dependence  of 
the  coupling  factors  k31  and  kj3,  piezoelectric 
strain  coefficients  dj3  and  djj,  elastic  coaplianoe 
coefficient  s3«,  and  frequency  constant  The 
compositions  close  to  the  aorphotropic  boundary 
again  showed  the  largest  temperature  dependence. 

The  compositional  dependence  of  the  elastic 
compliance  coefficient  s31  and  the  frequency 
con  tant  Mb  at  4.2  and  300K  are  shown  In  Figure  4. 
The  effect  of  the  aorphotropic  boundary  between  the 
tetragonal  and  rhoabobedral  phases  can  be  seen  in 
this  figure,  along  wltb  the  effect  of  the 
aorphotropic  boundary  between  the  ferroelectric 
rboabohedral  and  antlferroelectric  orthorhoablo 
phases  near  the  PZT  M/4  composition. 

4.  Summary 

A  sol-gel  method  was  used  to  prepare  pure  PZT 
powders  across  the  ferroelectric  region  of  the 
phase  diagram.  Excess  PbO  was  Included  In  the 
powders  to  obtain  dense  (95  to  94  percent  of 
theoretical  density)  ceramics  with  large  grain  also 
<2  Tam),  and  to  oontrol  the  lead  stoichiometry 
during  sintering.  X-ray  diffraction  showed  a 
narrow  coexistence  region  of  tetragonal  and 
rhombobedral  phases  of  approximately  one  mole 
percent  on  either  side  of  the  aorphotropic 
boundary. 

The  dielectric,  piezoelectric,  and  elastic 
properties  were  measured  from  4.2  to  300K.  At  very 
low  temperatures  the  doaaln  wall  and  thermal  defect 
notions  ‘freeze  out.'  The  compositions  naar  the 
aorphotropic  phase  boundary  had  the  largest 
temperature  dependence.  Dielectric  loss  peaks  were 
found  to  occur  from  225  to  250C  for  ths 
rhoabobedral  coaposltlons,  and  froa  100  to  1S0C  for 
the  tetragonal  compositions. 

The  low  temperature  dleleotrlc  data  will  be 
used  to  separate  the  sixth  order  dielectric 
stiffness  coefficients  In  s  phenoaeno logical  theory 
of  PZT.  The  extrinsic  contributions  to  the 
properties  can  then  be  separated  froa  the  Intrinsic 
single  doaaln  properties  derived  froa  the  theory. 
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Abstract 


S/65/35  PLZT  ceramics  with  different  grain 
size  distribution  were  prepared  by  long  time  beat 
treatments  in  a  PbO  atmosphere.  After  thermal 
etching,  image  analyses  were  carried  out  for  these 
specimens  and  their  electrical  properties  were 
measured.  Experimental  results  showed  that  the 
grain  boundaries  give  rise  to  large  effects  on  the 
electrical  properties  of  the  PLZT  ceramics.  An 
explanation  for  the  grain  boundary  effects  in  these 
PLZT  is  suggested. 


Investigations  of  the  effects  of  grain  sl2e  on 
the  electrical  and  optical  properties  of  PLZT 
ceramics  have  been  carried  out  by  Ckazakl[l][2] 
eto.  and  a  space-charge  field  mechanism  was 
suggested  to  explain  the  grain-size  dependencies  of 
some  ferroel ectrio  properties.  However,  the 
largest  grain  size  sample  in  their  works  is  only  14 
pm  and  the  mean  grain  size  of  the  sample  was 
measured  by  the  linear-intercept  method. 


Introduction 


The  research  work  on  fabrication,  properties, 
phase  transitions  and  applications  of 
(Pb.LaHZr.TDOj  (PLZT)  solid  solutions  have  been 
an  attractive  topic  sinoe  1970.  However,  they  are 
still  attractive  today  due  to  their  diffuse  phase 
transition  behavior  and  the  developing  need  for  a 
more  complete  explanation  of  these  interesting 
dispersion  phenomena. 


In  the  present  work,  hot-pressed  transparent 
8/65/35  PLZT  ceramic  slug  was  used  as  original 
material,  through  different  process  of  heat 
treatment,  ceramic  specimens  with  different  grain 
size  distributions  were  prepared  and  a  Quant imet 
900  Micro-Image  Automatic  Quantitative  Analyser  was 


used  for  image  analysis^],  using  3,.  the  total 


Interface  area  in  unit  volume  of  ceramic  material 
Instead  of  mean  grain  size  to  discuss  the  effect  of 
grain  boundaries  on  the  properties  of  these  ceramic 
materials. 


Table  1. 

Image  Analysis  Date  of  PLZT  Ceramic  Specimens  with  Different  Grain  Sizes. 


Specimen 

No. 

Total 

Number 

Counted 

Grain 

Mean 

(urn) 

Length  (L) 
Std.  Dev. 
(urn) 

Grain 

Mean 

(|im) 

Breadth  (B) 
Std.  Dev. 
(urn) 

Roundness  (F) 
Mean  Std.  Dev. 

Sy  1 

Mean 

tm^/aa3 
Std.  Di 

1« 

4000 

5.35 

2.25 

3.86 

1.68 

1.38 

0.228 

0.658 

0.014 

2 

7914 

19.0 

9.21 

13.9 

7.52 

1.35 

0.188 

0.159 

0.033 

3 

4456 

25.4 

13.5 

18.6 

9.90 

1.41 

0.351 

0.130 

0.003 

4 

2866 

31.1 

15.1 

23.0 

12.2 

1.36 

0.232 

0.103 

0.0035 

*0rlglnal  hot-pressed  sample. 
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Experimental  Results  from  Image  Analyses 

Table  1  shows  the  statistical  results  of  image 
analysis  of  4  specimens  which  were  obtained  by 
different  processes  of  heat  treatment.  The 
parameters  measured  are  grain  size  related 
parameters  length  distribution  (L)  and  breadth 
distribution  (B),  grain  shape  related  parameter 
roundness  distribution  (F)  and  the  total  interface 
area  in  unit  volume  (S„),  etc.  For  measuring  L.  B, 
and  F,  data  from  2800-8000  grains  in  different 
fields  were  taken  to  get  the  results.  For  each  Sv 
measurement,  the  result  is  the  average  value  of  tne 
data  from  more  than  twenty  measurements  of 
different  fields. 

It  can  be  seen  from  Table  1  for  grains  in  hot- 
pressed  specimen  (No.  1)  after  different  neat 
treatments,  the  average  length  increases  from  5.35 
urn  to  31.1  urn,  average  breadth  from  3.66  urn  to  23.0 
Mm.  and  Sv  from  0.658  decreased  to  0.103.  However, 
the  shape  related  parameter  roundness  remains 
unchanged,  at  about  1.4.  This  means  that  in 
present  heat  treatment  conditions,  the  growth  of 
grain  does  not  change  its  crystalline  habit.  The 
grains  are  equivalent  to  elongated  cubes  (as 
calculated,  for  a  two  dimensional  cube  F  -  1.31). 
No  overheating  phenomena  were  evident  such  as  pores 
occluded  or  grain  boundaries  broaden  or  density 
decreased.  The  transparency  of  the  ceramic  remain 
essentially  unchanged. 


3.  Dielectric  and  Ferroelectric  Measurements  of 

Grain-Grown  Specimens 

The  samples  used  for  electrical  measurements 
are  plates  of  0.2  mm  thickness  with  electrodes 
around  4  mm  in  diameter.  The  dielectric  properties 
were  measured  by  a  computerized  automatic  measuring 
system  with  Hewlett-Packard's  microprocessor-based 
equipment.  The  temperature  dependence  of 
dielectric  constant  and  loss  tangent  were  measured 
by  a  multifrequency  LCR  meter  HP4274A  in  the 
frequency  range  of  102-103  Hz.  with  basic  accuracy 
of  0.1%.  The  polarization  and  biased  pyroelectric 
currents  were  measured  with  a  HP4140B  picoampere 
meter.  A  Delta  design  Model  2300  environment 
chamber  covered  the  temperature  range  from  -150  to 
2 0 0 • C ,  using  liquid  nitrogen  as  a  coolant. 
Temperatures  were  measured  with  a  Fluke  8S02A 
digital  multimeter  via  a  platinum  resistance 
thermometer  mounted  directly  on  the  ground 
electrode  of  the  sample  fixture.  A  HP9825A  desktop 
computer  was  used  for  on-line  control  of  automatic 
measurements  through  a  HP6904B  mu  1 tlprogrammer 
interface.  All  the  data  were  recorded  on  flexible 
magnetic  discs.  The  hysteresis  loops  below  Tt  of 
the  hot-pressed  and  grain-grown  specimens  were 
measured  by  using  the  Sawyer-Tower  circuit  at  0.1 
Hz.  Pr  and  Ec  were  evaluated  from  the  loops. 

The  typical  curves  of  the  temperature 
dependence  of  the  weak  field  dielectric  constant 
and  loss  of  the  depoled  or  prepoled  original  hot- 
pressed  and  grain-grown  samples  are  shown  in  Figure 
1.  The  behavior  measured  at  different  frequencies 
of  the  grain-grown  samples  is  shown  in  Figure  2. 


Figure  3  shows  tne  linear  relationship  of  T0  and  Tt 
with  1 / S y ,  the  reciprocal  of  the  total  Interface 
area  in  unit  volume  of  the  ceramic  material. 
Figures  4  and  5  show  respectively  the  1/S 
dependences  of  dielectric  constant  measured  at 
different  frequencies  and  of  polarization  at 
different  temperatures.  Figures  6  and  7  show 
respectively  the  typical  curves  of  temperature 
dependences  of  polarization  and  current  density 
with  different  bias  fields  for  the  grain  grown 
specimens.  From  these  figures,  the  bias  field 
dependences  of  polarization  and  transition 
temperatures  for  different  grain-size  specimens 
were  obtained,  these  are  shown  in  Figures  8  and  9. 
The  hysteresis  loops  of  hot-pressed  and  grain-grown 
specimens  are  shown  in  Figure  10. 


Fig.  1.  Typical  curves  of  the  temperature 
dependence  of  the  dielectric  constant  and 
loss  of  the  depoled  or  prepoled  8/65/35 
PLZT  samples.  N  -  normal  bot-pressed 
sample.  H-Grain-grown  sample  by  beat 
treatment.  (a)  Depoled,  (b)  Prepoled. 
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fig.  2.  Typical  curves  of  the  temperature 
dependence  of  dielectric  constant 
measured  at  different  frequencies  of  the 
grain-grown  8/65/35  PLZT  sample. 


1/Sv  (lMI?/««3 4 5)  *' 

Fig.  5.  The  relationship  curves  of  polarization 
against  1/Sy  at  different  temperatures  of 
8/65/35  PLZT  samples. 
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Fig.  3.  The  linear  relationship  of  Tm  and  Tt  with 
1 / S y .  the  reaiprooal  of  the  total 
Interface  area  In  unit  volume  of  the  PLZT 
ceramic  material. 
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field  of  8/65/35  PLZT  ceramics. 


e  10000 


*-  16000 

to 


t_j  UQ00 
X 


PtZT  0/65/35  H3 
iCAUMt  lute  A/kih 


1  1.5KV/CK 

2  2.0CV/C* 

3  2.5KV/CW 

4  3.0KV/C3I 

5  3. 7KV/04 


1/Sv  (mm2/nnm3)  'l 

Pig.  4.  The  relationship  curves  of  dielectric 
constant  against  1/SV  measured  at 
different  frequencies  of  8/65/35  PLZT 

samples. 


TEMPERATURE  [  °C  ) 
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Fig.  10.  The  bysteresls  loops  below  T,.  of  the  tot- pressed  and  grain-grown  8/63/35  PLZT 
specimens.  Pr  and  E.  were  evaluated  from  the  loops. 
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For  verifying  the  possible  varietlon  of  Tb#  dielectric  data  strongly  suggest  that 

chemical  composition  of  the  samples  after  long  time  there  Is  a  'region'  of  reduced  dielectric 
beat  treatment*  in  PbO  atmosphere,  all  samples  were  polarizability  in  the  vicinity  of  the  grain 

chemically  analysed  after  each  treatment  by  the  x-  boundary  in  these  PLZT  ceramics.  On  this  model, 

ray  fluorescence  spectrum  analysis.  The  chemical  Increasing  the  grain  size  reduces  the  area  of  grain 
composition  data  were  calculated  and  suMarized  In  boundary,  and  thus  the  volume  of  lower  permittivity 

Table  2.  The  error  in  chemical  analysis  is  within  “b^b  electrically  connected  in  series  with  the 

1*  for  Pb  and  U,  within  0.5%  for  Zr  and  Ti.  bulk  of  tb#  irtla- 


Table  2.  Chemical  Analysis  Data  for  Hot-pressed  and  grain -Grown  8/65/35  PLZT  Specimens 
Specimen  No.  State  of  Treatment  Calculated  Chemical  Formula 

N  Original  hot-pressed  pb.8»L,O.76°.038(Zr.665Ti.335)03 

sample 

Hx  72  hrs .  heat  treatment  pb.86L*.068O.034(Zr  663T1  337)03 

at  1340*C 

Hj  120  hrs.  heat  treatment  Pb  ggl**,oggn,o34(Zr  $62T1  33S)03 

at  1340*C 

H«  168  hrs.  heat  treatment  Pb  g»La  080^040^Zr  66 7T1  333>03 

at  1340»C  ‘ 


5.  of  ftrnerlaental  Results 

From  Fig.  1  to  Fig.  10  and  Table  2.  the 
following  results  were  obtained  for  the  grain-grown 
specimen  as  compared  with  that  of  bot-preesed  PLZT 
ceramics: 

1.  The  grain-grown  specimen  has  higher 
dielectric  constant  at  Ta  and  higher  loss  In  the  a 
phase  region  but  less  in  the  0  phase  region  than 
that  of  the  finer  grain  bo t- pressed  specimen. 

2.  The  Tt  temperature  will  go  up  as  the  grain 
size  of  the  specimen  lnoreases  and  there  is  a 
linear  relationship  between  Tt  and  l/Sy.  However, 
the  Td  temperature  remains  almost  unchanged  for 
different  grain  size  specimens. 

3.  The  relaxation  effeot  is  more  pronounced 
for  grain-grown  speolmens,  and  will  reach 
equilibrium  after  the  Sy  decreases  to  near  0.1 

4.  Both  the  remanent  polarization  Pp  and 
coercive  field  B0  are  higher  for  grain-grown 
specimens  and  the  hysteresis  loop  becomes  more 
rectangular  than  that  of  the  hot-pressed  specimen. 

5.  At  a  constant  heating  rate  and  constant 
bias.  Tf  (41  shifts  to  a  lower  temperature  for  the 
grain-grown  specimen,  and  its  temperature  range  of 
macrodomaln  state  becomes  broadened,  as  compared 
with  that  of  hot-pressed  specimen. 

6.  The  chemical  composition  of  the  specimen 
remains  fundamentally  unchanged  after  long  time 
heat  treatment  in  PbO  ataosphere. 


In  relaxor  ferroeleotrt.es  like  those  PLZTa.  it 
has  been  suggested  [4]  that  a  major  part  of  the 
polarizability,  particularly  at  temperatures  near 
Ta  comes  from  the  thermal  reorientation  of  polar 
micro-regions  too  small  to  be  oompletely  stable, 
i.e.  a  superparaelectrlo  effeot.  These  polar 
regions  are  assumed  to  arise  from  heterogeneity  In 
the  composition  giving  rise  to  a  sharply  changing 
volume  distribution  of  Curie  points  and  thus  at  any 
temperature  in  the  ’Curie  Range'  a  volume 
distribution  of  micro-polar  regions  In  a  high 
permittivity  perovsklta  matrix  phase. 

If  the  micro-regions  are  small,  the  energy 
barriers  separating  the  different  states  also 
became  small  and  when  v  -  [200A]3  these  barriers 
become  comparable  to  IcT  and  the  polar  vectors 
reorient  thermally  with  a  relaxation  character.  In 
perfect  macroscopic  crystals,  all  domain  states  in 
a  ferroelectric  phase  are  energetically  equivalent 
(a  necessary  feature  for  ferroelectrlelty)  and 
these  equivalences  are  defined  by  elements  of  the 
prototypic  point  symmetry.  For  the  coapositionally 
heterogeneous  crystal,  the  looal  symmetry  at  a 
given  polar  region  will  not  be  the  same  as  the 
global  crystal  symmetry,  due  to  the  differing 
composition  gradients  around  the  region.  Thus  the 
prefered  vector  directions  for  P9  will  not  be 
energetically  exactly  equivalent  nor  will  they 
necessarily  conform  exactly  to  those  prescribed  by 
the  prototypic  form. 

On  this  model  the  polar  micro-region  will  have 
a  prefered  orientation  corresponding  to  the  deepest 
minimum  in  energy  and  its  contribuiton  to  the  total 
polarizability  will  decrease  as  the  local 
anlsotorpy  (differential  well  depth)  increases. 


'03 


We  would  suggest  that  in  a  ceramic,  the  grain 
bouodary  oust  modify  the  local  composition 
gradients  giving  rise  to  higher  anisotropy  in  polar 
micro-regions  close  to  the  boundary. 

Consequences  of  such  an  anisotropy  would  be: 

1.  A  strong  grain  size  dependence  of  *aax  at 
Tm" 

2.  Higher  anisotropy  will  lead  to  an  earlier 
breakup  of  the  poled  state  on  heating,  tr.us  Tt 
should  Increase  with  grain  size. 

3.  Anisotropy  will  preferentially  remove  the 
relaxation  component  of  the  polarization,  so  that 
grain  grown  samples  should  have  stronger  relaxation 
than  hot  pressed  samples. 

4.  Increased  anisotropy  makes  poling  more 
difficult  but  encourages  depoling,  thus  P?  and  £c 
should  be  larger  in  the  less  anisotropic  grain 

grown  samples. 

J.  At  a  constant  heating  rate  under  DC  bias, 
anisotropic  samples  will  be  harder  to  pole  and 
easier  to  depole,  thus  T,  shifts  down  and  Tt  3hlfts 
up  in  the  grain  grown  material . 


It  is  evident  from  the  above  as  compared  to 
the  experimental  findings  that  qualitatively  the 
model  of  anisotropic  polar  micro-regions  could 
account  for  all  of  the  observed  phenomena  if  as 
appears  rather  logical,  the  composition  gradient 
becomes  steeper  near  the  grain  boundary.  Clearly, 
however,  the  model  is  at  this  stage  only  one  of 
several  possible  working  hypothesis  and  much  works 
remains  to  extend  and  to  quantify  the  proposed 
internal  structure  of  micro-polar  regions. 
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ABSTRACT 

For  a  soft  niobium-doped  PZT  ceramic  i  Ultrasonic  Powders  type  501  A),  the  changes  with  hydrostatic 
pressure  of  polarization  and  activation  field  for  domain  wall  motion  have  been  investigated  in  the  range  of  0 
to  6  kbar.  The  application  of  hydrostatic  pressure  decreased  the  spontaneous  polarization,  remanent 
polarization,  coercive  field,  and  activation  field  for  domain  wall  motion.  The  changes  of  activation  field  with 
hydrostatic  pressure  show  different  characteristics  in  fine  and  coarse  grain  specimens.  The  fine  grain  showing 
a  nonlinear  dependence  and  the  coarse  gram  a  linear  dependence  on  pressure. 

1.  INTRODUCTION 

Because  of  the  strong  interdependence  between  the  lattice  strain  and  the  spontaneous  electric  polarization, 
pressure  is  an  important  variable  in  the  study  of  ferroelectric  properties.  There  has  been  a  number  of  studies 
on  the  effects  of  hydrostatic  pressure  on  the  properties  in  ferroelectric  materials  such  as  BaTiO^  [1-3],  SrTiO^ 
[3-5],  PbTiOj  [6,7],  TGS  [8,9],  KDP  [10.11],  and  PZT  [12-14],  However,  these  works,  in  general,  were 
concentrated  on  the  study  of  Curie  temperature  and  macroscopic  ferroelectric  properties  under  hydrostatic 
pressure. 

So  far  the  work  by  Hayashi  [15]  is  the  only  study  of  domain  wall  dynamics  under  hydrostatic  pressure. 
He  measured  the  change  of  activation  field  a  for  domain  wall  motion  in  BaTiO^  and  TGS  single  crystals 
under  hydrostatic  pressure  o,  and  found  that  the  value  of  a  decreased  linearly  with  increasing  hydrostatic 
pressure  in  BaTiO^  but  increased  linearly  in  TGS.  Our  work  aims  at  studying  the  effect  of  hydrostatic 
pressure  on  activation  field  of  domain  wall  motion  in  PZT  ceramics. 

2.  EXPERIMENTS 

The  raw  material  was  commercial  Nb:PZT  52/48  powder  produced  by  Ultrasonic  Powders,  Inc.  The 
ceramic  discs  sintered  at  1285°C  for  a  half  hour  and  at  1315°C  for  3  hours  were  7.48  g/cnr  and  7.55  g/cm 
in  density  and  2  ]im  and  10  |im  in  average  grain  size  respectively. 

It  was  found  that  the  specimens  with  an  irregular  shape  were  favorable  for  preventing  the  radial-mode 
piezoelectric  oscillation.  The  specimens  used  in  the  study  were  made  into  irregular  plates  of  about  1  mm1  in 
area  and  200-300  (jtm  in  thickness. 

The  experiments  were  performed  in  a  6  kbar  hydrostatic  pressure  system.  This  consisted  of  a  pressure 
generator  and  a  specimen  chamber  interconnected  by  a  steel  capillary.  Silicone  oil  was  used  as  the 
transmitting  medium.  A  square  wave  pulse  generator  and  a  high  voltage  amplifier  were  used  to  generate  a 
square  pulse  up  to  1500  volts.  The  rise  time  is  shorter  than  20  nsec.  The  voltage  response  across  a  small 
resistor  (-3Q)  in  series  with  the  specimen  was  examined  on  the  oscilloscope  (Nicolet  204A). 
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3.  RESULTS 

■a'  Effects  of  Hydrostatic  Pressure  on  Coercive  Field  and  Remanent  Polarization 

The  hysteresis  loops  under  various  hydrostatic  pressure  up  to  6  kbar  were  measured  at  25’C.  The 
application  of  pressure  evidently  reduced  the  spontaneous  and  remanent  polarizations,  and  the  coercive  field,  it 
may  be  noted  that  they  change  nonlinearlv  with  hydrostatic  pressure  as  shown  in  Figure  1.  at  least  for  lower 
pressure.  However,  the  changes  of  Pr  and  Ec  with  temperature  measured  within  a  range  of  room  temperature 
to  30CC  were  linear. 


•  b)  Effect  of  Applied  Field  on  Switching  Transient  Under  Fixed  Hydrostatic  Pressure 


Under  any  fixed  hydrostatic  pressure,  if  a  positive  or  negative  square  pulse  was  applied  to  the  specimen, 
we  can  observe  a  switching  current  signal  with  a  peak,  except  for  incompleted  switching  at  low  field.  The 
contour  of  switching  pulse  is  very  similar  to  the  results  in  ferroelectric  single  crystals  such  as  BaTiO-j 
[16,17],  TGS  [18],  but  different  from  that  in  PZT  65-  35  ceramics  measured  by  Masuda  et  al.  [19]  in  which 
there  is  not  any  explicit  peak  on  the  switching  current  curves. 

Figure  2  illustrates  a  typical  set  of  switching  curTent-time  curves  for  various  applied  fields  at  25°C  and 
3.5  kbar.  With  increasing  applied  field,  the  position  of  peak  is  shifted  towards  the  left  pan,  the  peak  is 
increased  and  the  switching  time  is  reduced. 

Figure  3  shows  the  peak  switching  current  imax  as  a  function  of  applied  field  at  room  pressure.  It  may 
be  found  that  the  peak  switching  current  'max.  under  lower  applied  field  used  in  the  experiment,  is  satisfied 
with  the  well-known  equation 


‘max 


e-a/E 


(1) 


At  the  same  time,  the  experiment  showed  that  the  switching  time  ts,  at  which  the  switching  current  was 
attenuated  to  10%  of  the  maximum,  was  also  satisfied  with  the  following  relation 


(c)  Effect  of  Hydrostatic  Pressure  on  Activation  Field 


(1)  Fine  grain  specimen 

For  the  specimens  with  fine  grain  structure  (about  2  pm),  the  experiments  under  hydrostatic  pressure  up 
to  6  kbar  showed  that  the  switching  rate  was  increased  remarkably.  Figure  4  is  a  typical  example  at  2 
kV/mm.  With  increasing  hydrostatic  pressure,  the  switching  current  peak  was  shifted  towards  the  left  part  of 
the  plot,  and  the  peak  switching  current  was  raised.  However,  it  should  be  pointed  out  that  because  of  the 
remanent  polarization  decreasing  with  increasing  pressure,  the  peak  switching  current  doesn't  always  increase 
with  pressure.  At  higher  field  (>2.3  kV/mm),  the  peak  current  even  may  decrease  with  pressure  as  shown  in 
Figure  5. 

Figure  6a  and  b  are  plots  of  a  versus  a  in  which  the  values  of  a  are  obtained  according  to  equation  (1) 
and  (2)  respectively.  Although  there  are  some  quantitative  differences  between  both  sets  of  a,  the  qualitative 
features  are  the  same.  The  changes  of  a  with  hydrostatic  pressure  are  nonlinear,  particularly  under  the 
pressure  less  than  3  kbar.  During  increasing  hydrostatic  pressure,  the  value  of  a  decreases  at  a  slower  and 
slower  rate  and  approaches  a  constant,  for  example,  at  6.5  kV/mm  in  Figure  6a. 

(2)  Coarse  grain  specimens 

For  the  coarse  grain  specimens  in  which  the  average  grain  size  is  about  10  jam,  the  switching  processes 
were  much  faster  than  that  in  fine  grain  samples.  The  peak  position  ts,  in  most  of  the  experiments,  was 
about  0.2  lasec,  so  that  we  often  couldn't  resolve  the  shift  of  peak  as  changing  applied  field  or  pressure. 
However,  the  switching  current  imax  still  changes  with  applied  field  and  pressure.  Figure  7  and  Figure  8  are 
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Hydrostatic  pressure  dependences  of  remanent  polarization  and  coercive  Field  in  Fine  grain 
PZT  ceramics. 


Switching  current-time  curves  for  various  applied  Fields  at  3.5  kbar  in  Fine  grain  PZT 
ceramics. 
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Figure  3  Peak  switching  current  versus  applied  field  in  a  specimen  with  4  jun  grains. 
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Figure  5  Applied  field  dependence  of  peak  switching  current  under  various  hydrostatic  pressures  in 
fine  grain  PZT  ceramics. 
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Figure  6  Activation  field  versus  hydrostatic  pressure  in  Fine  grain  PZT  ceramics  (a)  obtained  from 
‘max'  <b)  obtained  from  ts. 
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Figure  7  Applied  field  dependence  of  peak  switching  cuirent  under  various  hydrostatic  pressures  in 
coarse  grain  PZT  ceramics. 
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Figure  8  Hydrostatic  pressure  dependence  of  activation  field  in  coarse  grain  PZT  ceramics. 
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the  plots  of  imax  versus  1/E  and  a  versus  a  respectively.  It  must  be  noted  that  the  effect  of  hydrostatic 
pressure  on  activation  field  of  domain  wall  motion  is  very  different  from  previously,  a  changes  linearly  with 
pressure,  and  is  always  less  than  that  in  fine  grain  samples,  especially  at  lower  hydrostatic  pressures. 

4.  DISCUSSION 

(a)  Using  the  square  pulse  field  method  developed  by  Merz  [16],  our  results  for  commercial  Nb:PZT  5148 
and  pure  PLZT  8/65/35  [17]  ceramics  showed  well-defined  switching  current  peaks.  However,  the  switching 
transients  in  PZT  65/35,  PLZT  5/65/35  ceramics  measured  by  Masuda  et  a I.  [19]  didn't  show  any  switching 
current  peak.  This  is  not  surprising  if  we  examine  the  rise  time  of  their  pulse  source  which  at  5  nsec  is 
much  longer  than  tj^^  and  even  longer  than  in  our  experiment. 

(b)  The  applied  field  dependence  of  switching  process  (tmax,  tj,  imax)  is  similar  to  that  in  many  ferroelectric 
crystals.  Therefore,  it  may  be  expected  that  the  two  steps  which  are  involved  in  the  switching  process  for 
ferroelectric  crystals,  nucleadon  of  ferroelectric  domains  and  growth  of  these  domains,  are  also  the  elemental 
processes  of  polarization  reversal  in  PZT  ceramics. 

(c)  The  activation  field  for  domain  wail  motion  clearly  decreases  with  increasing  hydrostatic  pressure, 
similar  to  that  in  BaTiOj  but  of  opposite  sign  to  the  effect  in  TGS.  Probably  a  major  reason  for  this 
difference  is  that  in  the  perovskites  the  Curie  point  Tc  decreases  with  pressure  while  in  TGS  it  increases,  thus 
the  perovslrite  is  pushed  closer  to  Tc  where  a  is  reduced  while  TGS  is  moved  away. 

(d)  The  fine  grain  ceramics  were  made  at  lower  sintering  temperature  and  shorter  soaking  time  than  the 
coarse  grain  ceramics,  so  they  should  contain  much  more  defects  such  as  grain  boundaries,  pores,  dislocations, 
etc.  It  may  be  predicted  that  the  interaction  between  delects  and  domain  walls  will  hinder  the  domain  wall 
motion  and  hence  increase  the  activation  field  of  domain  wall  motion.  The  fact  that  the  activation  field  a.  at 
any  hydrostatic  pressure,  is  always  larger  in  fine  grain  specimens  than  in  coarse  ones  tends  to  confirm  this 
deduction. 

(e)  The  difference  in  the  rate  of  change  of  o  between  fine  and  coarse-grained  samples  may,  we  believe,  be 
traced  to  the  effect  of  the  morphotropic  phase  boundary  which  is  close  to  the  composition  used.  X-ray 
diffraction  experiments  show  that  in  samples  with  the  same  nominal  starting  composition  there  is  more 
tetragonal  phase  in  the  fine-grain  ceramic,  and  more  rhombohedral  phase  in  the  coarse-grained  ceramic.  Under 
hydrostatic  pressure,  the  rhombohedral  phase  is  stabilized  at  higher  pressure  so  that  it  is  natural  to  expect 
larger  change  with  pressure  in  the  fine-grained  sample.  Probably  it  is  this  phase  conversion  which  gives  rise 
to  the  nonlinear  effect  saturating  at  nearly  the  slope  observed  for  a  versus  P  in  the  coarse-grained  ceramics. 


(f)  In  these  commercial  type  PZT  samples  with  compositions  close  to  the  morphotropic  boundary,  four 
kinds  of  domain  walls  (71°,  109°,  180°  in  the  rhombohedral  and  180°  and  90°  in  the  tetragonal  state)  occur. 
The  crystallite  axes  are  random  and  phase  switching  under  both  field  and  pressure  are  possible.  Clearly  the 
overall  phenomena  are  necessarily  complex  and  a  full  quantitative  explanation  of  the  behavior  cannot  be 
expected. 
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Piezoelectric  properties  or'  modified  lead  tnanaie  ceramics  were  im  cviigaicd  in  an  ett'on  to  explain  the  large  electromechanical 
anisotropv  observed  in  these  materials  While  the  tnicKness  coupling  tauor  is  approximate^  constant  with  temperature,  the  planar 
coupling  factor  becomes  zero  near  room  temperature  prohabK  indicating  a  change  in  sign  of  the  piezoelectric  d.,  coefficient  It 
is  shown  thar  for  an  accurate  description  of  the  electromechanical  behas  lor  of  modified  lead  titanate  ceramics,  all  material  con¬ 
stants  relevant  tor  the  planar  coupling  mode  i  >  -■  J  >  must  be  taken  as  complex  Possible  contributions  to  the  complex  J, 
are  discussed. 


» 


1.  Introduction 

Modified  lead  utanate  ceramics  have  recently 
received  a  great  deal  of  attention  as  promising  mate¬ 
rials  for  transducer  arrays  [1.2].  Unlike  most  pie¬ 
zoelectric  ceramics,  such  as  PZT.  whose  planar 
coupling  factor  ( k0 )  is  in  excess  of  0.50.  some  of  the 
modified  lead  titanates  show  vanishingly  small  planar 
coupling  factor  at  room  temperature  [1-3].  How¬ 
ever.  the  thickness  coupling  factor  ( k{ )  for  both  types 
of  materials  is  approximately  0.50.  Among  the  com¬ 
positions  reported  in  the  literature,  the  samarium- 
and  calcium-modified  lead  titanates  have  exception¬ 
ally  high  electromechanical  anisotropy,  i.e.  high  k{/k0 
ratio.  The  properties  of  these  ceramics  have  been 
measured  at  room  temperature  and  their  potential 
applications  described,  however,  little  was  discussed 
about  the  possible  mechanisms  responsible  for  the 
observed  electromechanical  anisotropy  [1.2].  The 
only  data  on  temperature  dependence  of  the  electro¬ 
mechanical  properties  were  reported  by  Xue  ei  al. 
[3].  This  paper  is  a  report  on  the  preliminary  inves¬ 
tigations  of  the  temperature  behavior  of  the  complex 
piezoelectric  properties  of  calcium-  and  samarium- 
modified  lead  titanate  ceramics. 


2.  Materials  preparation  and  measurements 

Ceramics  with  compositions 

I  Pb,,  ,  <  >lTi  Mnoo.-JOj 
and 

I  Pbn  -„Can  ;a  )  [  I  Co  W,  ;  )o  OjTlo  u(,]Oj 

were  prepared  by  conventional  processing  using 
mixed  oxide  powders  [  2.3  ] .  Sintered  ceramics  in  the 
form  of  discs  were  poled  up  to  60  kV/cm  at  1 50 5  C  in 
silicon  oil  for  5  min.  These  poling  conditions  were 
necessary  to  obtain  a  saturation  of  the  thickness  cou¬ 
pling  coefficient  to  about  0.45-0.50.  the  piezoelec¬ 
tric  coefficient  dxx  to  about  55-60  pC/N  and  the 
planar  coupling  coefficient  k„  of  less  then  O.Ot  at 
room  temperature  for  both  compositions.  Therefore, 
the  k{;kg  was  close  to  50  at  room  temperature.  The 
planar  coupling  coefficient  was  calculated  from  the 
measured  frequencies  of  the  senes  (/,)  and  the  par¬ 
allel  (/„)  resonance  of  a  thin  disk  using  the  equation 
derived  by  Mason  [4],  The  thickness  coupling  coef¬ 
ficient  was  calculated  from  the  ratio  of  the  overtone 
frequency/,  to  the  fundamental  frequency/,  of  the 
thickness  mode  series  resonance,  f //,.  using  table  2 
in  Onoe  et  al.'s  paper  [5].  All  impedance  measure¬ 
ments  were  performed  using  an  HP  4I92.A  LF 
impedance  analyzer  interfaced  with  a  computer.  The 
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piezoelectric  r/,,  coefficient  was  measured  with  a 
Berlincourt  piezo  Ju  meter 


3.  Results  and  discussion 


Figs.  1  and  2  show’  planar  and  thickness  ..'upiing 
factors  as  a  function  of  temperature  tor  vr.-  and  t  .1- 
modified  lead  titanate  ceramics.  An  .nu-csi.ne 
behavior  was  that  the  thickness  coupling  Mctor 
remains  approximately  constant  with  temperature, 
while  the  pianar  coupling  factor  goes  tnrough  zero 
near  room  temperature  It  then  increases  nelow  and 
above  this  temperature  reaching  a  maximum  .ulue 
of  approximate!)  0.04  at  the  ends  of  the  investigated 
temperature  range.  Similar  behavior  of  -  was  re¬ 
ported  earlier  by  Xue  et  al.  [3]  for  Sm-dopcd  lead 
titanate  ceramics. 

One  could  attempt  to  explain  the  observed  disap¬ 
pearance  of  the  resonance  for  the  planar  coupling 
mode  by  considering  the  temperature  dependence'  of 
relevant  material  constants.  The  planar  coupling  fac¬ 
tor  is  related  to  the  transverse  coupling  factor  k 
which  in  turn  is  related  to  piezoelectric  constant  </;  . 
elastic  compliance  sf ,  and  dielectric  permmix  ity  c ! ; 
as  given  by  the  relation  ( 6  ] : 


^■^'(l-trO  “  -  (  1  -<r£  ) 


<  l  ) 


where  <rE  is  the  Poisson  ratio.  ku  and  </.,  could  be 
calculated  using  a  sample  in  the  shape  of  a  thin  rect¬ 
angular  bar  with  the  direction  of  polarization  per- 


0  30r 


i - 1 - 1 - 1 - 1 - 1 - r 


0.45. 


f::: 


K,  0.401- 


0  35! 


0  30 


0  05 

004 

>003 

N 

002 

OOi 


1 


J _ I _ I _ I _ I  .  1 


1 


-16O  -60  0  30 

T*mp«ralur«  (*C) 


60 


:oo 


Fig  I  Planar  and  thickness  coupling  t'aciors  tor  sm-mojiii.  J  \  ju 
manaie  as  a  function  of  temperature 


52. — r 


-C  05 


0  50- 


'  -CC4 


i 

-c : 3 


s.  ;46- 


:42- 

C4C 


-8C  -40  0  40  3C 

*emo«roture  .'Cl 


-CC2 

-CO' 

—  COC 


r  a  ^  P'jnjr  and  IhuCni^N  o-upimg  tailors  tor  Ca-modilicJ  '..id 
■  i.ir..iii  .1-  .1  lundK'h  ’I  Urrtrcrjiurc 


pendicular  to  its  length.  The  admittance  of  such  a 
sample  near  the  fundamental  harmonic  for  the  length- 
wise  vibration  is  given  b>  [6): 


>  =1 


'■tl» 


fili  - 


</-;. 


- 1 


lu  d: 


( ps\.  I 


tan[  \ojHpsf, )'  ;] 


C) 


where  the  pararv.iers  have  their  usual  meaning  [6], 
From  eqs.  ( 1  1  a:  J  1  2  1  it  is  seen  immediately  that  the 
disappearance  ct  ihe  resonance  and  the  associated 
coupling  factor  k-..  at  a  cenain  temperature  is  possi¬ 
ble  due  to  a  zero  value  of  the  piezoelectric  constant 
</-.,.  Such  a  possibility  could  be  realized  by  a  change 
of  the  sign  oft/-.,  or  b>  J,  going  through  zero  as  its 
extremum  point.  To  measure  the  material  coeffi¬ 
cients  in  eqs.  1 1  1  and  (  ’ )  as  functions  of  tempera¬ 
ture.  an  iterativ  e  method  described  by  Smits  [  ~  ]  was 
used.  This  iterative  method  enables  us  to  measure  the 
v  alues  of  the  complex  material  constants  s  .  .e  *  and 
1/.,.  defined  as  »t  =  »t  -i»t  .  by  using  eq.  (2)  and 
the  v  alues  of  the  admittance  >  =  G-\B  at  three  fre¬ 
quencies  near  the  resonance. 

A  plot  of  suscepiance  B  versus  conductance  (7  of 
the  transverse  mode  resonance  of  a  rectangular  bar 
at  a  temperature  close  to  where  kn  5  0  is  shown  in  fig. 
3  for  Sm-modified  lead  titanate  Experimental  data 
are  represented  by  full  circles.  Assuming  all  material 
coefficients  to  be  complex,  the  theoretical  fit  to  the 
experimental  data,  as  in  curve  la)  in  fig.  3.  was 
obtained  bv  Smits'  iterative  method.  Curve  lb)  in 
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F'g.  )  Suscepunte.  fl  versus  conductance .  ■  <  .  --t’ 
.ned  lead  tuanaie  ai  -1  C  Dots  represent  .-xper-.r 
Canr  tji  theoretical  til  using  Smits' method  1  - 
reneal  til  assuming  J  .  =0 


fig.  3  is  obtained  by  taking  the  imaginary  part  oi  </t, 
equal  to  zero  and  using  the  real  pan  tor  d,,  and  com¬ 
plex  values  for  5,,  and  £,,  obtained  by  the  iterative 
method.  From  fig.  3  it  is  clear  that  the  imaginary  pan 
of  the  piezoelectric  constant  is  necessary  for  a  good 
fit  to  the  data,  especially  at  temperatures  where  kr 
becomes  very  small.  The  analysts  was  performed  to 
exemplify  the  effect  of  the  imaginary  pan  of  Ju  on 
the  resonance  spectrum.  The  iterative  method  allows 
us  to  calculate  only  the  product  d\,d\ ,  and  the  differ¬ 
ence  id\,):  -  ( d'i, ):  from  which  we  evaluate  the  real 
and  imaginary  components  of  d\,.  without  getting 
their  signs  independently.  However,  as  is  seen  in  fig. 
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that  either  J,  ord;  but  not  both,  changes  ^ign  at  the  tempera¬ 
ture  of  minimum  k  .  for  Sm-modified  lead  tuanjtc 
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4.  the  product  d,  d ,  changes  its  sign  indicating  that 
either  real  or  imaginary  part  of  t/v,  changed  sign. 
Analysis  of  our  data,  as  explained  below,  suggests  that 
it  is  more  likely  to  be  the  real  component  of  d,..  Fig.  . 
5  shows  that  the  ratio  \d\dd\i  \  increases  rapidly  as 
the  temperature  of  zero  k„  is  approached.  This  means 
that  dx,  approaches  zero  at  least  as  fast  as  d"u.  i.e.  if. 
d\ ,  assumes  a  v  ai  :e  of  zero  and  changes  its  sign,  then 
d\,  should  be  zc  too.  However,  according  to  eq. 

( 2).  if  both  real  -r\l  imaginary  components  of  d ,,  are 
equal  to  zero,  a  near  relationship  in  0  versus  fre¬ 
quency  is  expected.  Fig.  6  shows  plots  of  conduct¬ 
ance  G  versus  frequency  in  the  temperature  range 
from  60  to  80  C.  where  kv  goes  through  zero.  From 
fig.  6.  it  is  clear  that  the  signal  at  the  resonance  fre¬ 
quency  never  disappears  completely.  Moreover,  the 
conductance  versus  frequency  curve  observed  at 
"0  C.  where  it  was  difficult  to  perform  a  fit  due  to 
scattering  in  data,  implies  that  d'i.  *0  and  d\.  =0. 
Therefore,  it  follows  from  the  above  considerations 
that  the  real  component  of  j  .  is  the  one  that  passes 
through  zero  and  changes  sign,  somewhere  between 
63  and  ~5  C.  while  the  imaginary  component  d . 
remains  non-zero  throughout  the  investigated  tem¬ 
perature  range. 

Finally,  fig.  '  shows  the  temperature  dependence 
oft/-.,  and  c/i,  with  signs  chosen  according  to  anal¬ 
yses  above  No  anomalies  were  observed  in  the  tem¬ 
perature  behavior  of  complex  e-.t  and  \  but  their 
imaginary  parts  are  necessary  to  obtain  a  good  fit  to 
the  resonance  data. 

The  probable  change  of  the  sign  of  </,,  and  the 
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data  Scattering  in  the  data  is  due  to  the  resolution  or  the  imped¬ 
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simultaneous  presence  of  the  substantial  imaginary 
component  of  the  complex  piezoelectric  coefficient 
together  with  elastic  and  dielectric  losses  in  these 
materials,  suggest  extrinsic  contributions  to  the 
apparent  r/,,  piezoelectric  coefficient.  Such  contrt-'- 
butions.  if  different  in  siBn.  could  cancel  each  other 
giving  zero  du  o-  .hange  its  sign  with  temperature. 
While  the  origins  of  the  dielectric  and  elastic  losses 
in  the  piezoelectric  ceramics  are  well  understood, 
more  studies  on  possible  mechanisms  of  the  piezoe¬ 
lectric  relaxation  have  been  done  only  recently.  It  has 
been  shown  [8-15]  that  any  defects  in  a  piezoelec¬ 
tric  material  that  are  responsive  both  to  the  elastic 
and  electric  fields  I  such  as  certain  point  defects.  90 : 
domains,  second  phase  in  the  piezoelectric  polymer 
materials,  etc. )  are  a  source  of  piezoelectric  relaxa¬ 
tion  through  the  coupling  of  the  elastic  and  dielectric 
losses.  Consequently,  it  is  possible  to  define  the  com¬ 
plex  material  coefficients  >nm  [8  j: 


--3d, , 

—  15  j  . 

\  —  6  1 1  -*-  1 1 

-  \e  ;  ;  . 

<P.,  =d: 

--W: 

-i  d,  . 

(3) 

where  m  1  represents  the  value  of  a  coefficient  at  fre¬ 
quencies  far  above  the  relaxation  frequency  and 
1m  -on  is  the  relaxationai  contribution  of  the 
defects.  Using  the  requirement  that  the  power  dissi¬ 
pation  in  a  passive  material  must  be  positive.  Holland 
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[  u  j  has  shown  that  the  imaginary  parts  ot'  the  diago¬ 
nal  elements  of  elastic  compliance  and  dielectric  per- 
mittiMty  matrices  must  be  positive.  There  are  no 
similar  constraints  on  the  sign  ot  the  imaginary  part 
of  the  piezoelectric  coetticienis.  Howe'er,  certain 
relationships,  such  as  s  f  ; ;  £  ( J  )•.  must  be  satis¬ 
fied.  Therefore,  an  ideal  la  loss  free  i  dielectric  or 
elastic  material  will  also  be  ideal  in  us  piezoelectric 
properties.  Using  symmetry  arguments.  Nowick  and 
Heller  [I0|  ha'e  derived  certain  selection  rules 
showing  that  some  but  not  all  the  piezoelectric  coet- 
ficients  can  undergo  the  piezoelectric  relocation, 
depending  both  on  the  symmetry  of  detects  and  the 
symmetry  of  crystal.  Furthermore.  \rlt  and 
Dederichs  [II]  have  investigated  the  domain  wall 
contribution  to  the  cA ,  in  ferroelectric  ceramics 
assuming  no  other  coupled  elastic  and  electric  mech¬ 
anisms.  For  the  pero'skue-type  ceramics,  they  have 
shown  this  contribution  to  du  to  be  negative.  In  some 
cases  the  piezoelectric  relaxation  can  be  described  by 
a  simple  Debye-type  relaxation.  Examples  of  this  type 
of  relaxation  in  a  piezoelectric  coefficient  are  found 
in  AgNatNO;)  due  to  relaxauonal  motion  of  NO: 
molecules  [  12].  m  the  epoxy-PZT  composite  due  to 
dc  conductivity  in  the  epoxy  phase  [13].  in  the  fer¬ 
roelectric  ceramics  due  to  90 :  domain  wall  motion 
[II],  etc.  In  the  multiphase  materials,  such  as  poly¬ 
mers.  the  mechanisms  of  the  piezoelectric  relaxation 
are.  in  general,  much  more  complex  [  12.14], 
Considering  the  discussion  above,  it  is  clear  that 
the  existence  of  the  imaginary  component  of  the  pie¬ 
zoelectric  coefficient  indicates  the  presence  of 
extrinsic  contributions  to  the  piezoelectricity  in  these 
materials,  regardless  of  the  actual  mechanisms 
involved  Knowing  that  in  the  perovskite  ferroelec¬ 
tric  ceramics  the  intrinsic  tA.  is  considered  to  be  neg¬ 
ative.  the  hypothesis  of  a  change  of  sign  ofcAi  with 
temperature  due  to  a  positive  contribution,  is  partic¬ 
ularly  attractive.  A  possibility  of  a  change  of  sign  of 
piezoelectric  coefficient  with  temperature  has  been 
demonstrated  in  organic  materials  [15]  and  single 
crystals  such  as  AgNai  NO- 1(  1 2 ] .  However,  it  is 
unknown  to  us  that  such  piezoelectric  behavior  has 
ever  been  observed  in  ceramics  or  oxide  single  crys¬ 
tals.  To  resolve  this  question  in  the  case  ot  the  mate¬ 
rials  investigated  in  this  study  it  would  be  sufficient 
to  determine  the  sign  o f  if,,  directly,  for  example  by 
strain  versus  electric  field  measurements,  at  two 
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temperatures,  above  and  below  the  temperature 
where  resonance  disappears.  It  should  be  mentioned 
here  that  Xue  et  al  attempted  to  measure  a  change 
of  sign  of  i/:  for  Sm-modified  lead  titanate  [3  j  \o 
change  in  sign  was  observed  in  the  limited  tempera¬ 
ture  range  were  A..,  was  small.  This  could  be  explained 
bv  the  fact  that  the  measurements  were  performed  at 
about  Id  Hz  of  the  applied  electric  field,  which  was 
far  below  the  frequency  of  planar  mode  resonance  at 
approximately  100  kHz.  As  we  have  shown  above, 
modified  lead  titanate  ceramics  investigated  in  this 
study  have  significant  piezoelectric  imaginary  com¬ 
ponent  indicating  possible  piezoelectric  relaxation,  in 
which  case  low-frequency  properties  could  be  very 
different  from  those  at  higher  frequencies. 

We  point  out  that  although  our  data  strongly  sug¬ 
gest  that  the  apparent  tA,  measured  at  the  resonance 
frequency  changed  us  sign  with  temperature,  it  is 
necessary  to  perform  additional  experiments  for  a  full 
interpretation  of  the  observed  phenomena.  The 
mechanisms  which  lead  to  piezoelectric  relaxation  in 
ceramics  are  in  general  poorly  understood.  With  more 
knowledge,  it  could  be  that  alternative  explanations  - 
will  become  possible. 

In  summary,  tin  existence  of  significant  piezoelec¬ 
tric  imaginary  component  in  modified  lead  titanate 
ceramics  was  shown,  indicating  extrinsic  contribu¬ 
tions  to  the  piezoelectric  <A,  coefficient.  Disappear¬ 
ance  of  the  resonance  for  the  planar  coupling  mode 
is  attributed  to  a  probable  change  in  sign  of  the  pie¬ 
zoelectric  dx  coefficient. 
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ABSTRACT 

Lead  titanate  ceramics  modified  by  5m  a ra  Ca  .ve'e 
investigated  as  materials  with  excect>c~a;iv  a'ge 
electromechanical  coupling  anisotropy.  Both  ceramic  materials 
exhibited  a  minimum  of  the  planar  coupling  coefficient  at  certain 
temperatures  whereas  the  thickness  coupling  ccet'  cent  was 
essentially  a  constant  over  the  investigated  temperature  range 
The  dielectric,  piezoelectric  and  elastic  constants  rented  to  me 
planar  ooupiing  mode  were  all  considered  to  be  complex  m  order  to 
correctly  describe  the  behavior  of  the  ceramics  near  tne 
resonance.  The  minimum  of  the  planar  coupling  coefficient  s 
attributed  to  a  probable  change  in  sign  of  the  c,.  piezoelectric 
coefficient  with  temperature. 


1.  INTRODUCTION 

The  conventional  piezoelectric  ceramics,  such  as  PZT  .with 
large  electromechanical  coupling  coefficients  are  desired  in  many 
piezoelectric  applications,  in  some  cases,  however,  materials 
with  more  directional  piezoelectric  properties  are  preferred,  in 
materials  for  ultrasonic  transducer  arrays,  for  example,  it  is 
essential  to  supress  the  coupling  of  the  thickness  to  lateral  modes, 
i  s.  a  small  dj1and  a  large  d^  are  desired.  Similarly,  when  a  large 
hydrostatic  piezoelectric  coefficient.  dh-  d,3  *  2d3l,  is  required, 
it  is  again  necessary  to  have  a  large  piezoelectric  anisotropy 
(large  d^/d,,)  since  the  coefficients  d33and  dj,  are  opposite  in 
sign  (d33  >  Q.  d3I  <  0).  Recently,  lead  titanate  based  ceramics 
have  been  reported  with  unusually  large  ratio  of  the  thickness. 
kT,  to  the  planar  ,kp.  coupling  coefficients,  and  consequently  a 
large  ratio  d3J/d3  ([i  .21-  The  measurements  of  the 
electromechanical  properties  of  samarium  modified  lead  titanate 
shewed  this  ratio  to  oe  temperature  dependent  with  kp  becoming 
zero  at  certain  temperatures  [3).  As  a  possible  reason  for  the 
hign  anisotropy  >n  piezoelectric  coefficients,  the  crystal  lattice 
anisotropy  [i J.  and  the  30*  domain  rotation  [2]  were  suggested. 
No  extensive  studies  on  this  subiect.  however,  have  been  yet 
reported,  it  was  the  objective  of  this  work  to  investigate  the 
electromechanical  properties  of  Ca  and  Sm  modified  PbTiO, 
ceramics  and  possibly  understand  the  mechanisms  responsible  for 
the  anisotropic  behavior.  It  is  hoped  that  a  oetter  understanding  of 
the  eiectromecnamcal  anisotropy  in  the  modified  lead  titanates 
woud  provide  us  with  methods  of  deveioomg  other  materials  with 
similar  properties. 


•especfiveiy.  The  ceramics  were  prepared  by  the  conventional 
way  from  mixed  oxide  process.  The  samarium  modified 
composition  was  calcined  at  850  -  900  'C  for  6  hours  and  then 
pressed  disks  were  fired  at  1 230  'C  for  3  hours.  The  calcium 
modified  ceramics  were  calcined  at  900  'C  for  2  hours  ana 
sintered  at  1 130  'C  for  approximately  7  hours.  The  density  of 
tne  fired  ceramics  was  around  95  %  of  the  theoretical 
E’ectroded  ceramics  were  Doted  with  an  electric  field  up  to  60 
kV  cm  at  f50  'C  m  silicon  oil  for  5  minutes.  These  poling 
conditions  were  necessary  to  obtain  a  saturation  of  the  thickness 
couoiing  coefficient  ky  to  45  •  50  %,  the  piezoelectric  coefficient 
d3j  to  about  60  pC/N  and  the  planar  coupling  coefficient  kp  of 
ess  than  i  %.  Thus,  the  ratio  kT/kp  was  close  to  50  at  roc- 
temperature  (Fig.  i).  These  poled  ceramics  in  the  form  - 
disks  or  long  thin  bars  were  then  used  for  measurements 
dielectric,  elastic  and  piezoelectfic  properties  of  the  mate 
kp  was  calculated  from  the  measured  frequencies  of  the  seric . 
and  parallel  resonance  frequency  of  a  thin  disk  using  the  equation 
derived  by  Mason  [4],  ky  was  calculated  from  the  ratio  of  the 
overtone  frequency  <z  to  the  fundamental  frequency  t,  of  the 
thickness  mode  senes  resonance,  fyf  ,,  using  Table  II  in  Onoe  et 
al.  s  paper  [5].  “he  complex  dielectric  permittivity  t33,  the 
elastic  compiianc  -  ...  and  me  piezoelectric  coeffiden  id,,  at  the 
resonant  frequenc  if  me  length  extensional  mode  tor  a  bar  were 
calculated  usro-  Smits'  method  [6].  Vector  impedance 
measurments  for above  calculations  were  performed  on  an  HP 
41 92A  LF  impedarce  Analyzer  interfaced  with  a  computer. 


2.  MATERIAL  PREPARATION  AN0  MEASUREMENTS 


Two  compositions  of  the  modified  lead  titanate  ceramic  we'e 
selected  for  this  study,  namely  (Pbj  3JSm0 


o;'c- 


and  iR«30  -sCa0  24)f{CoI/2Wl/2)0  04T?0  %]03.  Both  compositions 


have  a  tetragonal  symmetry’  with  the  lattice  parameters  a 
3.902  A.  c  •  4  072  A  and  a  -  3.896  A.  c  »  4  C4i  A 
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Fig.  i  Thickness,  k-r.  and  planar. kp,  couoiing  coefficients  as 
functions  of  poling  field  for  Sm  modified  lead  titanate. 


3.  RESULTS  AND  DISCUSSION 


The  electromechanical  coupling  coefficients  of  the  samarium 
and  calcium  modified  lead  titanates  as  a  function  of  poling  field 
exhibit  an  unusual  behavior.  The  planar  coupling  factor  increases 
initially  and  then  decreases  to  a  very  small  value  with  poling  field 
above  50  kV/cm.  However,  the  thickness  coupling  coefficient 
increases  to  approximately  50  %  (Fig.  1  >.  As  a  possible 
explanation  for  the  anisotropy,  Vamashita  et  ai.  (2.71  suggested 
such  behavior  in  calcium  modified  lead  titanate  to  be  caused  by  the 
reorentation  of  90'  domains.  Indeed,  they  showed  that  a 
substantial  increase  in  dimensions  (up  to  0.3  %)  of  ceramic 
samples  occured  as  they  were  poled  indicating  90'  domain 
switching.  The  large  stress  that  accompanies  90'  domain 
switching  was  considered  as  a  possible  reason  for  the  large 
anisotropy  in  coupling  factors  and  the  small  value  of  the 
mechanical  factor  Qm  at  poling  fields  at  which  kp  became 
vanishingly  small.  They  also  observed  that  specimens  with  lower 
resistivity  showed  a  smaller  planar  coupling  coefficient.  Xue  et  al. 
showed,  however,  the  kp  to  be  a  strong  function  of  temperature 
for  samarium  modified  lead  titanate  |3J,  becoming  zero  only  at 
certain  temperatures 

Fig.  (2)  and  (3)  show  the  thickness  and  planar  coupling 
coefficients  for  materials  investigated  in  this  study  as  a  function 
of  temperature.  Both  materials  exhibited  a  minimum  in  their 
planar  coupling  coefficient,  reaching  -4  %  at  the  ends  of  the 
investigated  temperature  range  while  their  thickness  coupling 
coefficients  remained  approximately  constant  over  the 
investigated  temperatures.  Describing  the  conversion  of  electric 
into  elastic  energy,  and  vice  versa,  the  electromechanical 
coupling  coefficients  are  always  defined  as  positive  values. 
Piezoelectric  coefficients  in  general  .  however,  may  be  either 
positive  or  negative.  From  the  definition  of  the  planar  coupling 
coefficient  [8]: 
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Fig.  2.  Planar  and  thickness  coupling  coefficients  as  functions  of 
temperature  for  Ca  modified  lead  titanate. 


(where  o  is  Poisson's  ratio  )  it  is,  therefore,  seen  immediately 
that  resonance  can  disappear  if  d^  becomes  zero  ,  either  by 
changing  its  sign  or  by  going  through  zero  as  an  extremum  point. 
For  the  measurement  of  material  coefficients  in  Eq.(l)  we  have 
used  the  method  described  by  Smits(61.  This  method  allows  us  to 
calculate  the  complex  material  coefficients  sn,  dM.  ejj  (i.e.  the 
real  parts  and  their  losses)  at  the  resonant  frequency  of  the 
length  extensions  coupling  mode  of  a  bar.  The  method  consists  of 
measuring  the  admittance  Y  «  G  +■  jB  at  three  frequencies  near  the 
resonance  and  calculating,  in  an  iterative  way,  the  material 
coefficients  defined  as  m  »  m'  -jm",  using  the  Equation  (2)  [8]: 
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which  describes  the  resonant  behavior  of  a  bar  (The  notations  have 
their  usual  meanings).  These  experiments  demonstrated  that 
imaginary  components  of  all  three  material  coefficients  are 
necessary  for  a  good  fit  to  the  resonance  data,  especially  at 
temperatures  where  planar  coupling  mode  becomes  small  (Fig.  4. ). 
Furthermore,  our  data  show  that  even  when  the  resonant  signal  of 
admittance  Y  seems  to  disappear  completely,  a  weak  signal  in  the 
conductance  G  was  still  observed  [9J.  Our  analysis  [9)  led  to  the 
conclusion  that  the  real  part  of  d31  changed  its  sign  near  the 


Fig.  3.  Planar  and  thickness  coupling  coefficients  as  functions  of 
temperature  for  Sm  modified  lead  titanate. 


temperature  where  kp  became  small  but  its  imaginary  component 
remained  nonzero  (Fig.  5.).  No  anomalies  were  apparent  m  the 
behavior  of  the  complex  elastic  and  dielectric  coefficients. 
However,  their  imaginary  components  are  necessary  for  a  good  fit 
to  the  data.  The  mechanical  quality  Om  was  calculated  as  the  ratio 
*i  t  /st  i"  <  *fm/24  f  )  1®1  °*  the  real  and  imaginary  parts  of 
efastic  compliance.  Figure  6  shows  that  the  mechanical  quality  of 
the  samarium  modified  lead  titanate  ceramics  remained  high  over 
the  investigated  temperatures  suggesting  that  a  small  kp  is  not 
necessarily  accompanied  by  a  decrease  in  the  mechanical  quality. 

The  presence  of  a  significant  imaginary  component  of  the 
piezoelectric  coefficient  in  these  modified  lead  titanates  suggests 
possible  piezoelectric  relaxation  mechanisms  which  could  lead  to 
several  contributions  to  the  apparent  d31.  Such  contributions,  if 
different  in  sign  could  cancel  each  other  giving  zero  d7l  or  change 
its  sign  with  temperature  [9.10],  Our  experience  shows  that  the 
temperature  where  kp  goes  through  a  minimum  depends  strongly  on 
the  poling  conditions,  the  sintering  schedule  and  other  processing 
parameters.  Not  all  of  the  samples  showed  the  disappearance  of  the 
planar  coupling  mode  at  investigated  temperatures  (generally,  -i  80 
'C  to  +150  'C).  All  samples,  however,  showed  a  large 
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Fig.  4.  Susceptance.  8.  vs.  conductance.  G,  loop  for  Sm  mootied 
lead  titanate.  at  90  'C;  dots  represent  experimental  points. 

a)  Theoretical  tit  assuming  a  nonzero  d31"  (Smit  s  memoc). 

b)  Theoretical  fit  assuming  d3i’«0. 
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Fig.5.  Real.  d31\  and  imaginary,  d31".  piezoelectric 
coefficients  as  functions  of  temperature  for  Sm  modified  lead 
titanate. 

electromechanical  anisotropy,  i.e.  a  large  kT/kp  ratio.  This  suggests 
that  there  are  probably  two  mechanisms  responsible  for  the 
electromechanical  anisotropy  in  these  materials:  one  mechanism, 
possibly  related  to  tetragonality,  is  responsible  for  the  high 
piezoelectric  anisotropy  observed  in  these  lead  titanate  based 
ceramics.  The  other  mechanism,  strongly  dependent  on  processing 
conditions. seems  to  be  responsible  for  the  temperature  dependence 
of  kp  and  the  change  of  sign  of  dj,.  This  latter  mechanism  could  be 
related  to  a  piezoelectric  relaxation  through  some  kind  of  defects 
present  in  these  ceramics  [10], 

It  has  been  proposed  that  ceramics  with  high  coercive  fields, 
such  as  modified  lead  titanates.  crack  under  high  poling  fields.  Such 
cracks,  if  oriented  parallel  to  Ihe  poling  direction, could  cause  a  large 
difference  in  the  behavior  of  djj  and  dj3 .  Measurements  are  being 
performed  similar  to  those  described  above  taking  poimg  field  as  a 
parameter.  Even  at  10  kV/cm  of  applied  field  we  have  observed  a 
minimum  in  the  planar  coupling  coefficient  and  the  disappearance  of 
the  resonance  signal  at  low  temperatures,  appearing  again  as 
temperature  was  further  decreased.  Assuming  that  poling  field  of  10 
kV/cm  was  not  sufficient  to  produce  microcracks  m  a  sample,  this 


Fig.  6.  Mechanical  quality  Qm  as  a  function  of  temperature  for 
Sm  modified  lead  titanate. 


experiment  shows  that  (although  development  of  cracks  with 
increased  poling  field  is  expected)  the  cracking  of  sample  oy 
applying  poling  field  is  not  essential  for  the  observed  temperature 
behavior. 


4.  CONCLUSIONS 

Similarities  in  the  electromechanical  coupling  behavior  between 
Ca  and  Sm  modified  lead  titanate  ceramics  were  demonstrated.The 
temperature  behavior  of  the  planar  coupling  mode  is  strongly 
dependent  on  poling  and  processing  conditions.  A  zero  planar  coupling 
mode  at  certain  temperatures  is  probably  due  to  a  change  in  the  sign 
of  the  piezoelectric  coefficient.  A  large  electromechanical 
anisotropy  was  present  in  all  the  samples  of  the  compositions  used 
in  this  study,  regardless  of  processing  conditions.  This  indicates 
that  more  than  one  mechanism  is  responsible  for  the 
electromechanical  coupling  properties  of  these  materials. 
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ABSTRACT 

Some  of  ttie  modified  lead  titanate  ceramics  e»n  pit  arqe 
eiectromecnanicai  anisotropy  (i.e.  large  Kj,k0y .  ncwever.  tneir 
Oieioeiectnc  constant  d3J  (-60pC/N)  is  not  large.  -‘■e  primary 
cause  of  tne  low  d3,  >s  due  to  the  relatively  cw  c  eiectnc 
constant  K  (-200)  of  tnese  materials,  in  this  caper  me  ca'c.um 
modified  lead  titanate  ceramics  were  investigated  to  r.crease 
their  d3J  by  increasing  K  with  ion  modifications  while  retaining 
their  large  ty*-  by  optimizing  the  processing  conditions.  A  ,arge 
d,j  (»92pC/N)  with  large  K  (.456)  and  an  infinite  k*ty  were 
obtained  m  me  composition  Ptag^Ca,  ^Ti.^iCo.  L.V,  ,i006O3  , 
0.01  MnO  sintered  for  30  hrs  and  polMat  SOkV/cm* 


1 .  Introduction 

Lead  zirconate  titanate  Pb(Zr.Ti)03  solid  solutions  ,P2Xi  are 
widely  used  for  transducers  because  of  their  large  piezoelectric 
constants.  However.  PZT  ceramics  have  a  complication  m  some 
applications  such  as  underwater  hydrophones  and  ultrasonic 
imaging  transducers.  PZT  ceramics  have  a  large  planar  coupling 
factor  (ty)  in  the  lateral  direction  and  a  large  thickness  coupling 
factor  (ty)  m  the  poling  direction,  so  the  ultrasonic  waves  from 
both  effects  interfere  with  each  other. 

Ceramics  with  large  electromechanical  anisotropy  li  e.  large 
k.,V_)  nave  large  ty  and  negligibly  small  ty.  They  can  transmit 
ultrasonic  wave  in  the  poling  direction  sharply  with  high 
efficiency  without  interference  from  lateral  modes.  Two 
compositions  with  large  tyty  have  been  intensively  studied. 
They  are  calcium  modified  lead  titanate  (Pb,Ca)(Ti.Co.W)03  [i I 
and  samanum  modified  ead  titanate  [2].  Although  they  nave  large 
meir  piezoelectric  constant  ;d,3)  in  that  direction  >s  not  large, 
n  other  words,  mey  are  efficient  but  not  sensitive 

it  was  the  obiective  of  this  study  to  find  ceramics  with  large 
<rty  and  d33.  According  to  the  literature  [i|.  calcium  modified 
ead  titanate  was  likely  to  meet  these  requirements  with  some 
modifications.  The  piezoelectric  constant  a,,  s  related  to  the 
orgitudmai  coupling  factor  (ty3)  by  the' equation  d,,:» 
<'n"*tjs3iE-  wt1ere  '*  <he  permittivity  of  free  space  and  s33E 
i$  me  eiast  c  compliance^.  Smce  k.3»k,  apples  m  mater  ais  wen 
cw  ty  k)3:.  ty-k  -.k,-K0:  [3|).  T  s  apoarent  that  tne  !ow  d,, 
n  tne  modified  ead  titanate  ceramics  is  due  to  the’r  relatively 
ow  dieiectnc  constant  K  >2001.  providing  s,,E  does  not  change 
drastically.  The  system  with  24  mole  %  calcium  has  k..ty»i2 
and  d33.68  pC-N  (1):  however,  d33  seems  to  be  increased  wnite 
■etamig  its  large  krty  by  replacing', ead  by  caicium  up  to  35  mole 
•'»  because  K  increases  more  than  twofold  with  minimal  charges  to 
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me  k.  and  ty.  m  addition  to  the  ion  modifications,  the  processing 
conditions  (Poling  temperature  and  smtenng  ume)  were  Studied  to 
optimize  tne  properties,  it  was  previously  reported  that  ty 
decreased  with  higher  poling  electnc  field  in  the  caicium  modified 
ead  titanate  (4|  and  with  gram  size,  which  generally  increases 
with  s.ntenng,  m  neodymium  modified  lead  titanate  (5).  in  this 
study,  samples  of  (Pb.Ca)(Ti.Co.W)03  system  with  high  calcium 
content  were  prepared  and  the  influences  of  the  on  modifications 
and  processing  conditions  were  investigated  to  maximize  d,.  and 

tyty. 

2.  Sample  Preparation  and  Measurement 

Samples  were  prepared  from  oxide  powders  by  conventional 
sintering  technique.  Using  formula  Pb.  yCa^Tl.  v(Co,^W. -ivO, 
♦  0.01  MnO  (X.0.34-Q.38,  Y-0-0.06).  the  weight  of  matertais 
PbO,  CaO  or  CaCO,,  Ti02.  Co(OH)-,  WO,,  and  MnO  were 
calculated.  One  mole  %  of  MnO  was  added  to  increase  the 
resistivity  of  the  ss~o(es  f4|.  Two  mole  %  of  PbO  was  added  to 
compensate  for  *  lead  evaporation  during  sintering.  The 
weighted  raw  martr.ais  were  bailmilled  for  24  hrs  in  a  plastic 
bottle  with  zircon  =  palls  and  alcohol,  dried,  and  calcined  in  an 
almina  crucible  at  3s0‘C  for  2  hrs.  The  calcined  lump  was  ground 
m  a  mortar,  sieve 2.  then  mixed  with  several  wt.%  of  deionized 
water  The  wet  caioned  powder  was  pressed  at  ixto*  N/m: 
.1000  kg/cm-j  m  a  cylindrical  die  (1.905  cm  in  diameter)  into 
green  disks.  The  green  disks  were  sintered  in  a  covered  aimma 
crucible  at  an  optimized  sintering  temperature  of  1 100  -C. 
Sintering  was  performed  for  1,  5.  and  30  hrs  for  each 
composition  to  see  the  influence  of  sintering  time.  To  study  the 
effect  of  ion  modification,  the  sintering  time  which  gave  the 
argest  <  was  selected  for  each  composition.  Sintered  disks  were 
aooed  to  0 .9*1  3  mm  thick,  polished,  and  goid-eiectroded  on  ootn 
faces  by  sputtering.  The  electroded  disks  were  poled  in  an  oil  bath 
at  elevated  temperature  with  an  electric  field  of  50  kV/cm  for  5 
mmutes.  The  poling  was  performed  at  several  temperatures  to 
decide  the  optimum  poling  temperature. 

Powder  x-ray  diffraction  patterns  were  obtained  on  crusned 
and  ground  sintered  disks  using  Cu-Ka  radiation.  The  lattice 
constants  a  !a«0  for  tetragonal)  and  c  were  calculated  from  tne 
diffraction  peaks.  Couoimg  (actors  were  measured  by  resonance 
method  using  HP  4192A  LF  impedance  Analyzer.  The  planar 
coupling  (actor  was  calculated  from  the  series  and  parallel 
resonance  frequencies  [51  of  a  thin  disk  using  the  equation  derived 
by  Mason  [7],  The  thickness  coupling  factor  was  calculated  from 
(he  ratio  of  the  overtone  frequency  to  the  fundamental  frequency 
of  me  thickness  mode  series  resonance  using  Table  ll  m  Onoe  et 
ai  s  Daper  (8).  The  dieiectnc  constant  was  calculated  from  the 
capacitance  at  1  kHz  and  the  dimension  of  the  sample.  The 
o:ezceiectnc  constant  was  measured  at  100Hz  by  Berimcourt 
3iezo  d33  Meter.  The  transition  temperature  (Tc)  was  given  by 
•~e  temperature  at  which  K  reached  its  maximum  value. 
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3.  Experimental  Results  and  Discussion 


a  ooi5 


For  the  study  of  the  calcium  modification  effects,  V  was  fixed 
at  0.04  and  X  was  chosen  at  0.34,  0.36,  and  0.38  for  each 
composition.  Over  93%  of  theoretical  density  was  obtained  in 
each  sample.  The  dielectric  constant  was  over  4ti  and  k„ 
remained  low  at  4.1%  within  X  of  below  0.36  as  shown  in  Fig.f. 


Although  k.  decreased  slightly,  it  retained  large  krVp  (-1 1-13). 
The  piezoelectric  constant  of  96pC/N  at  X-0.34  and  i05pC/N  at 


X-0.36  were  larger  than  previously  reported  data  (d,3-68  pC/N) 
of  the  composition  which  had  kj/kp.12  and  K-200  [i].'  However, 
the  amount  of  calcium  X-0.36  seemed  to  be  the  limit  for  the  large 


kj/Xp  of  this  system  with  Y-0.04  because  kp  jumped  to  20%  at 


It  should  be  noted  that,  although  Tc  did  not  change  smoothly. 
Curie  temperature  (T,)  decreased  smoothly  between  X-0.36  to 
X-0.38  as  shown  in  Rg.  2.  The  decrease  of  Tc  may  indicate  the 
decrease  of  atomic  displacement  and  spontaneous  polarization  (Ps) 
in  the  crystal  [91-  It  can  be  understood  that,  although  these 
compositions  form  similar  cubic  crystal  structures  at  high 
temperature,  there  is  a  slight  difference  m  the  formation  of  the 
tetragonal  crystal  structure  between  the  composition  of  X-0.36 
and  X-0.38.  and  this  difference  may  be  related  to  the 
electromechanical  anisotropy.  The  decrease  of  kt  may  oe  caused 
by  the  decrease  of  Ps  which  is  the  origin  of  the  ferroelectric 
effects. 


Fig.  2  Reciprocal  of  dielectric  constant  as  a  function  of 
temperature  in  Pbl  xCaxTi0%(Co1/2W1/2)0  wO}  *  0.01  MnO 


128  IX  132  1  34  IX  IX  1*0 


X 

Fig.  i  Coupling  factors,  dielectric  constant,  and  piezoelectric 
constant  as  a  function  of  calcium  amount  X  in  ?p,  xCavTt,  . 
(Cot^Wlc)0  04O,  .  0.0!  MnO  ^ 


The  axial  ratio  or  tetragonality  (c/a)  decreased  from  i  .021 
at  X-0.34  to  1 .012  at  X-0.38.  This  tendency  indicates  that  the 
relaxation  of  crystal  distortion  takes  place  with  addition  of 
calcium.  The  difference  of  c/a  between  1.017  at  X-0.36  and 
1 .012  at  X-0.38  can  be  another  possibility  to  make  the  difference 
in  the  electromechanical  anisotropy.  The  tetragonality  at  X-0.38 
is  close  to  that,  c/a-1.010  [10],  of  BaTiO,  which  does  not  have 
electromechanical  anisotropy.  The  X-ray  patterns  of  the 
compositions  with  X-0.36  and  X-0.38  showed  that  there  was  no 
distinctive  difference  in  symmetry  except  tetragonality  between 
the  two.  PbTiOj  has  large  c/a  which  resists  90'  domain  rotation 
when  external  electric  field  is  applied  and  gives  poor  poling 
performance  which  results  in  small  k,  and  V  Addition  of 
calcium  in  PbTiO,  reduced  c/a  and  resulted  in  large  k^  K,  and  d,3; 
however,  it  also  reduced  Ps  and  k,  as  was  discussed.  This  implies 
that  it  is  difficult  to  expect  further  increase  of  dj3  by  addition  of 
calcium. 

For  the  study  of  the  cobalt  and  tungsten  modificaiton  effects, 
X  was  fixed  at  0.34  and  Y  was  chosen  at  0.  0.04,  and  0.06  for 
each  composition.  It  is  seen  in  Fig.3  that  both  k.  and  k_  increased, 
so  the  electromecchanical  anisotropy  did  not  cnange  with  Y.  The 
increase  of  k(  seems  to  be  caused  by  the  reduction  of  c/a  which 
decreased  from  1.030  at  Y-0  to  i  .016  at  Y-0.06  by  the  same 
reason  as  the  effects  of  calcium.  The  large  increase  of  d33  may 
be  caused  by  the  increase  of  both  k,  and  K.  The  slight  decrease  of 
k(  at  Y-0.06  seems  to  be  resulted  from  the  decrease  of  P.  as  was 
seen  from  the  decrease  of  Tc  which  decreased  from  225'C  at  Y-o 
to  121  *C  at  Y-0.06.  The  cobalt  and  tungsten  gave  almost  the 
same  effects  as  calcium  to  the  properties  of  PbTi03. 

For  the  study  of  the  poling  temperature  effects,  the  poling 
electric  field  was  fixed  at  50kV/cm.  The  poling  temperature  is 
usually  taken  high  enough,  so  that  the  domain  rotation  can  easily 
take  place.  For  some  compositions,  the  kQ  decreased  with  poling 
temperature.  The  composition  with  X-0.34  and  Y-o. 06  sintered 
30  hrs  had  k_-0.7%  after  poling  at  80'C,  but  k-  became  negligibly 
snail  or  kp=0%  after  poling  at  100'C.  The  domain  orientation 
appears  to  be  related  to  the  electromechanical  anisotropy. 
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Fig.  3  Coupling  factors,  dielectric  constant,  and  piezoelectric 
constant  as  a  function  of  cobalt  and  tungsten  amount  Y  in  Pto^ 
Ca0J4Til-Y<Col.<JWUj)YO3  ♦  0.01  MnO 


For  the  study  of  the  sintering  time  effects,  the  samples  with 
X-0.34  and  Y-0.06  were  sintered  for  1  hr,  5  hrs,  or  30  hrs.  It  is 
seen  in  Fig.4  that  coupling  factors  and  k_).  K,  and  d,j  slightly 
decreased  with  sintering  time.  It  is  noted  that  k- decreased  to  0% 
with  30  hr  sintering.  The  transition  temperature  and  the  lattice 
constants  did  not  change  with  sintering.  The  scanning  electron 
micrographs  (xIOOO)  In  Fig.  3  show  the  sintered  surfaces  of  the 
samples  sintered  for  1  hr  or  30  hrs.  Both  samples  have  uniform 
grains,  and  the  average  grain  size  of  1  hr  sintered  sample  is  3  um 
and  that  of  30  hr  sintered  sample  is  10  t»m.  The  grain  size 
appears  to  be  related  to  the  electromechanical  anisotropy.  This  30 
hr  sintered  composition  had  larger  d.}  (-92pC/N)  than  previous 
composition  which  had  dj3«62.8pON  and  infinite  kyk,,  ratio  [4], 


I  and  infinite  ratio  [4], 


Table  1  shows  two  compositions  which  have  an  infinite 
electromechanical  anisotropy  in  (Pb,Ca)(Ti,Co,W)0.  system.  The 
piezoelectric  constant  is  increased  about  50%  with  higher  ion 
modifications  in  this  work.  It  is  interesting  to  note  that  the 
different  compositions  with  different  crystal  shape,  tetragonality 
(da)  and  atomic  displacement  (from  Tc),  have  same  infinite 
electromechanical  anisotropy. 


Sintarlnj  Tlaa  (hr) 


Fig.  4  Coupling  factors,  dielectric  constant,  and  piezoelectric 
constant  as  a  function  of  sintering  time  in  Pbn ^Ca. ..TL 
ICO^W^*  0.01  MnO 


Table  1  Properties  of  Pb.  ,CaxTi.  Y(Co1/,W1/,)Y01  ♦  o.Oi 
MnO  (♦  additive)  system  with  kp-0*  W  wn 


d33  (pC/N) 
T  CC) 


P  (g/ca3) 
grain  (  um) 


X-0.24.  Y-0 .04 
C*  0.02  NnO) 

X-0.34,  Y-0.06 
(«■  0.01  NnO) 

53 

46 

0 

0 

200 

486 

it 

1.6 

62.8 

92 
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Fig.  5  Scanning  electron  micrographs  (xlOOO)  on  the  sintered 
surface  of  Phg^Cag  ^Tig  ^iCo^Wj^jg^Oj  *  0.01  MnO 


4.  Conclusions 

!  i )  The  piezoelectirc  constant  of  lead  titanate  ceramics  was 
raised  by  ion  modifications  while  retaining  the  large 
electromechanical  anisotropy.  The  increased  piezoelectric 
constant  comes  from  the  increased  dielectnc  constant  due  to  the 
reduced  tetragonaiity.  The  tetragonaiity  and  the  atomic 
displacement  appear  to  be  related  to  the  electromechanical 
anisotropy. 

(2)  The  electromechanical  anisotropy  was  increased  by  the 
processing  conditions.  The  domain  orientation  and  the  grain  size 
appear  to  be  related  to  ihe  electromechanical  anisotropy. 

(3)  The  piezoelectric  constant  and  the  electromechanical 
anisotropy  were  maximized  by  ion  modifications,  poling 
temperature,  and  sintertng  time.  A  maximum  d33  («i09pC/N)  and 
an  acceptably  large  kJI <_  (»12)  were  obtained  m  the  composition 

66^ao  oj®  j  *  MnO  with  1  hr 

sintering.  A  large  d33  (-92  pc/N)  and  an  infinite  k{, k_  were 
obtained  m  the  same  composmon  with  30  hr  sintering.  ‘  p 
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Abstract 

Electric  field  induced  switching  from  annferroeiectnc  to 
ferroelectric  states  in  several  ceramics  compositions  m  the 
modified  Lead  Zirconate  Titanate  Stannate  family  was 
investigated  at  room  temperature.  The  Maximum  volume 
expansion  observed  was  .26%.  The  degradation  effects 
(under  repeated  electric  switching)  saturate  and  can  be  kept  to 
less  than  20%  in  the  volume  switching  for  properly  prepared 
samples.  The  switching  can  be  completed  within  40 
microseconds  just  above  the  transition  field  and  becomes 
very  fast  as  the  eiectnc  field  increases.  Hydrostatic  pressure 
increases  the  transition  field  but  the  reduction  of  the  induced 
ferroelectric  polarization  remains  small  until  the  transiuon 
field  approaches  the  applied  driving  field. 

Introduction 

Ceramics  in  the  Lead  Zirconate  Titanate  Stannate  family 
have  been  studied  extensively  in  the  past  20  years  for  many 
actual  and  potential  applicauons  in  energy  conversion.1 1  -) 

More  recently<5'4’,  interest  has  begun  to  focus  upon  the 
electrostncnon  phenomenon  in  antiferroelectncs  and  the 
possible  use  of  the  ano/erroelectnc  to  ferroelectric  switching  m 
transduction.  However,  the  speeds  of  the  switching  reported  m 
the  past  were  quite  slow  and  quite  different'4"5'  probably  due 
to  the  limitation  in  power  of  the  pulse  generator  used  It  is  the 
purpose  of  this  paper  to  report  the  volume  expansions  and  the 
switching  speeds  measured  by  more  reliable  methods 


Furthermore,  to  model  the  real  situation  in  application,  the 
switching  behaviours  as  a  function  of  repeated  switching 
(  degrdation  effects)  and  hydrostatic  pressure  are  also  reported 
to  verify  the  real  applicability  of  this  family  of  ceramics 
compositions  for  electrostnction  applications. 


Sam-'le  Preparation  and  Measurements 

The  compoviuons  chosen  for  study  were: 

(1)  Pb  ^(Zr  j7Ti  0JSn  }j)Nb  qjOj 

(2)  Pb  92Sr  0JLa  (^(Zr  j/Ti  l6Sn  30)O3 

(3)  Pb  9;Mg  gjLa  32(Zr  39Ti  3 3Sn  3(3)03 

(4)  Pb  97La  ,j2(Zr  wTi  ^Sn  2j)03 

(5)  Pb  ,-La  rjiiZi  J3Ti  12Sn  33)03 

The  diffemt  compositions  were  made  up  from  reagent 
grade  mixed  oxides.  Calctng  temperatures  were  in  the  range 
750  to  900°C  The  disks  were  cold  pressed  using  a  small 
amount  of  PVA  binder  and  fired  at  1350°C  in  PbO  atomsphert 
provided  by  excess  PbZr03  in  closed  containers. 

Polarization  field  relauons  were  measured  using  a 
balanced  Sawyer  and  Tower  network.  A  bonded  strain  guace 


techniqe  was  used  for  both  longitudinal  and  transverse  strain 
measurements.  Hydrostatic  pressure  was  generated  in  an 
air-driven  intensified  pump.  Plexol  was  used  as  the  pressure 
medium.  For  kinetics  study,  the  pulses  generated  by  a  pulse 
generator  (Hewlett  Packard  type  214)  were  amplified  by  a  high 
power  (9kw)  pulse  amplifier  (Cober  Model  604  A)  which  can 
supply  maximum  current  of  6  amperes  if  the  pulse  width  is  less 
than  2  miliseconds  and  the  pulse  amplitude  is  less  than  1500 
volts. 

Experiment  Results 

Composition  1,4  and  5  exhibicd  clear  polarization 
switchings  but  2  and  3  did  not  under  field  levels  up  to  50 
kv/cm.  The  volume  expansions  for  composition  1  and  5  are 
.16%  and  .26%  respectivly  which  are  in  good  agreement  with 
the  values  reported  by  Uchino  and  Berlincourf4’5*  for  this 
family  of  compounds.  Fig.  1  shows  the  longitudinal  and 
transverse  strains  vs  electric  field  for  composition  5.  Fig.2 
shows  the  polarization  hysteresis  loops  under  low 
frequency!.  1  Hz)  AC  field  for  different  hydrostatic  pressures. 

It  is  evident  that  the  transition  field  increases  with  increasing 
hydrostatic  pressure  but  the  reduction  of  the  ferroelectic 
polanzauon  with  increasing  hydrostatic  pressure  is  not  obvious 
until  the  transition  field  approaches  the  applied  field  as  shown  in 
Fig. 3.  The  switching  currents  and  speeds  for  different  electric 
fields  are  shown  in  Fig.4  and  Fig  5.  The  increasing  speed  with 
increasing  electnc  field  is  evident.  The  switching  current  and 
speeds  as  a  function  of  hydrostatic  pressure  under  constant 
electnc  field  are  shown  in  Fig. 6  and  Fig.7.  The  effects  of 
hydrostatic  pressure  are  just  opposite  to  the  overvoltage  effects. 
Fig. 8  shows  the  degradation  of  the  induced  strain  and 
polarization  as  a  function  of  number  of  switching  cycles.  A 


saturation  of  degradation  is  indeed  observed.  More  than  80% 
of  the  initial  strain  is  still  observed  after  4,320,000  switchings 
for  some  of  the  best  samples.  The  ratio  of  strain  to  the  square 
of  polanzation  remains  constant  which  suggests  that  the 
electrostrictive  constant  is  free  from  degradation. 

Discusion 

The  electric  field  induced  volume  expansion  measured  in 
this  study  confirmed  the  earlier  results  measured  by  Uchino 
and  Berlincourt(4iJ>  for  this  family  of  antiferroelectnc 
compounds.  Although  the  longitudinal  and  transverse  strain  are 
not  much  greater  than  that  of  .9PMN:.  1PT  electrostrictive 
ceramics,  the  transverse  strain  is  positive  which  offers  greater 
advantage  over  .9  PMN..1PT  ceramics  for  hydraulic 
amplification  application.  It  is  observed  that  the  switching  can 
be  completed  within  2  microseconds  by  an  easily  achievable 
electric  field.  Such  a  speed  is  the  typical  order  of  magnitude  of 
switching  in  ferroelec tries.  Because  the  hydrostatic  pressure 
increases  the  transition  field  and  elongates  the  switching  time. 
Extra  electric  field  is  necessary  for  high  stress  application. 
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ABSTRACT 

Coapoaitioas  ia  th#  parovakite  faaily,  haviag  t ha  |aaaral  foraala 
PbCB^.BjJOj,  known  as  rslaxor  f • rro# 1 #c t r ic •  ara  of  coaaidarabla  iatarast. 
Thair  high  dlalaotric  coaatanta,  broad  aaxiaas  aad  relatively  low  firing 
taaparataraa  ha ra  aada  ehaa  proaiaiag  eaadidata  aatariala  for  aal tilayer 
caraaie  eapaeitora.  Hoaavar.  inch  aatariala  have  always  baaa  axtraaaly 
diffioalt  to  raprodacibly  fabrieata  without  tha  appaaraaea  of  a  pyroehlora 
phaaa  which  caa  ba  datriaaatal  to  tha  dialactric  propartiaa.  A  rawiaw  of 
racaat  work  oa  both  tha  kiaatica  aad  tharaodyaaaic a  of  tha  parovakita 
structura  ia  ralation  to  pyroehlora  ia  diacaaaed.  It  ia  baliawad  anch  aa 
understanding  will  enable  the  iaplaaantatioa  of  rolaxor  dielectriea  into  the 
present  day  aultilayer  capacitor  indaatry. 
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I.  rWIMOOCTlOH 


The  nltil«r«r  ceraaic  capacitor  industry  it  growing  rapidly  at  the 
result  of  th«  continuing  ainiaturixat ioa  of  integrated  altctroaic  circuit*. 
The  dr It  lag  fore*  behind  tht  capacitor  iadaatrita  growth  art  the  obvious 
advantages  of  aultilayer  ctraaic  capaeitort  at  coapartd  to  alaaiaaa  aad 
taatalaa  electrolytic  capaeitort.  iacladiag  coapact  deaiga,  high  reliability, 
relatively  large  capacitance,  aad  low  coat.  For  the  paat  forty  yeara,  the 
primary  aateriala  utilized  for  aultilayer  ceraaic  capaeitort  have  beta 
aodified  BaTiOj  aad  other  various  t  itanatea^.  Such  aateriala  generally 
require  high  firiag  temperature*  01300*0  making  it  aeotaaary  to  uae 
expensive  iateraal  electrode*,  auch  aa  Pd.  Great  atriwea  ia  the  capacitor 
iadaatry  hare  beea  aade  to  coatiaaoualy  redace  the  aateriala  coat  of  the 
aultilayera.  payiag  particular  attention  to  reducing  the  coat  of  iateraal 
electrodes^,  by  (1)  the  addition  of  fluxe*  to  reduce  the  aiateriag 
temperature  thua  allowing  the  uae  of  lea*  expenaive  Ag:Pd  alloy*.  (2)  the  uae 
of  aoa-aoble  aetala  auch  aa  Ni  and  Cu  requiring  a  reduciag  ataoaphere^3'4) 
during  firing,  (3)  the  lead  injection  proceaa  in  which  aoltea  lead  ia 
iapregnated  into  poroua  layer*  to  act  aa  the  electrodea^’^3. 

By  theae  effort*  a  significant  reduction  in  the  coat  of  ceraaic 
anltilayer  capacitor*  baa  been  achieved  but  there  still  reaaina  the  liaitation 
of  capacitance  volumetric  efficiency.  The  capacitance  voluae  efficiency  or 
packing  deaaity  ia  approximately  proportional  to  the  dielectric  conatant  (k) 
and  inverae ly  proport iona  1  to  the  square  of  the  thickness  (t)  of  the  active 
dielectric.  Thu*  to  further  iaprove  the  "coapactness*  of  aultilayera 
capacitor*,  there  are  obviously  two  alternatives:  (1)  Seduce  the  thickness  of 
the  active  dielectric  and/or  (2)  utilize  a  ceraaic  aaterial  with  a  high 
dielectric  constant.  Presently,  aultilayera  have  active  dielectric  layer* 
with  a  thickness  typically  in  the  range  of  20  to  35  ^a  which  appears  to  be  the 
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lover  limit  for  present  day  vat  lay  down  and  othar  tapa  casting  techniques. 


Such  lovar  liaita  ara  not  necessarily  duo  to  liaitatioua  of  tha  fabrication 


processes,  but  ara  dua  to  othar  strinjant  capacitor  requireaanta  set  by  the 


E.I.A.  (Electronics  Industry  Association)  such  as  dielectric  breakdown 


strength,  capacitanca/bias  percent  change,  etc. 


In  tha  fabrication  of  multilayer  capacitors  there  are  certain  limitations 


in  the  dielectric  thickness  and  with  the  upper  liait  of  the  dielectric 


constant  (k).  for  modified  BaTiOj  around  10,000.  anch  of  the  recent  research 


work  is  focused  on  other  families  of  dielectric  materials  having  unusually 


high  dielectric  constant.  The  perovskite  ferroelectric  relaxors  is  one  such 


family.  Of  particular  interest  for  capacitors  are  the  lead  (PbO)  baaed 


relaxors  having  the  general  formula  Pb(B^, 62)03,  v^*r*  ®i  typically  a  low 


valence  cation,  e.g.  Mg*2,  Zn*2,  Fe+3,  Ni*2,  Sc+^,  and  Bj  a  high  valence 


cation,  e.g.  Ti+*.  Nb*3,  Ta*3,  W*5.  For  simplicity,  the  term  relaxor  here 


will  refer  only  to  complex  lead-based  perovskites.  The  earliest  and  best 


known  lead-based  relaxor  PMMgj/jlft^^Oj  (hereafter  designated  PMN)  was  first 


synthesized  in  the  late  1950's  by  Smolenski  and  co-workers17  .  Studies  of  the 


dielectric  properties  of  PMN,  as  well  as  many  other  relaxors,  have  shown  that 


such  compounds  exhibit  a  broad  maximum  in  the  dielectric  constant  or  a  diffuse 


phase  transition  (see  Figure  1).  The  origin  of  such  diffuse  phase  transition 


is  believed  to  be  a  distribution  of  Curie  points  in  the  material  due  to 


compositional  fluctuation,  or  micro-inhomogeneity  (disorder)  in  the  B-site 


cations. 


As  shown  in  Figure  1.  the  dielectric  maxima  of  a  relaxor  ferroelectric  is 


broad  in  comparison  with  a  normal  or  ordered  relaxor  ferroelectric  material. 


The  tempi 


of  the  dielectric  maximum  for  relaxors  increases  with 


increasing  frequency,  thus  no  one  Curie  temperature  can  be  given  for 
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ferroe  1  ec trie  n  lizori  without  reference  to  the  appropriate  tast  frequency. 
Aaothar  eharactar iatic  of  relexors  ia  tha  frequency  diaparaioa  ia  the 
dia laetria  loaa.  which  occrs  at  a  slightly  lowat  taaparatara  thaa  tha 
dialactrio  aax iaa ,  aad  is  also  larger  thaa  that  of  tha  otdarad  dialactxic 
balow  Tc .  It  has  baaa  reported  that  tha  dagraa  of  ordariag  caa  ba  wariad  ia 
cartaia  ralaxor  materials  such  as  ^(Sc^^2^ai/2^3  (WT)  aad  ^>(Sc2/2^i/2^3 
(PSN)  by  tharaal  aaaaa 1 ing^®”*®* ,  but  for  most  of  tha  farroa lactric  ralaxors 
ordariag  caa  ba  wariad  oaly  coapo s i t, ioaa 1 1  y ) .  Since  tha  parowskite 
straetura  is  wary  forgiviag  coapositioaal  ly.  waryiag  degrees  of  ordariag  of 
ioaa  ia  tha  B  site  caa  be  obtaiaad  by  foraiag  solid  solutioaa  with  ralaxor  aad 
aeabers  that  exhibit  aoraal  dielectric  bahawior  such  aa  (WN) 
or  with  aad  aaabars  such  as  PbZrOj  (PZ),  PbTiOj  (PT),  ate.  Ia  Pigara  2  is 
showa  a  typical  plot  of  Curia  taaparatara.  Tc,  as  a  faactioa  of  frequency  for 
a  solid  solution  batwaaa  a  disordered  aad  aaaber  (PbtNij/jJ^/jJOj  (PNN))  aad 
tha  and  aaaber  (PFN),  which  is  actually  coapositioaal  ly  disordered  bat  shows 
nearly  noraal  dielectric  bahawior  ia  tha  frequency  range  of  iatarast.  As  is 
apparent  froa  tha  figure,  the  expected  linearity  in  T  was  not  obsarwad.  as  a 
result  of  tha  strong  frequency  dispersion  obsarwad  in  tha  low  taaparatura 
disordered  and  aaaber. 

The  properties  of  ralaxor  dielectrics  such  as  high  dielectric  coastaats 
(up  to  30,000),  broad  dielectric  aaxias  and  ralatiwaly  low  firing 
teaperatures.  which  allows  tha  use  of  low  cost  Ag:Pd  electrodes,  hawa  aada 
thaa  proaisiag  candidate  materials  for  capacitor.  Presented  in  Table  1  are 
aaay  recant  ralaxor  coapositioas  reported  froa  patents  and  publications 
proposed  for  utilization  in  capacitors.  Soaa  commercially  available  ralaxor 
based  coapositioas  and  actual  aultilayar  capaoitors  comprising  of  warious 
ralaxor  dielectric  aatarials  are  also  presented.  Tha  commercially  awailable 
dielectrics  and  capacitors  in  general  are  based  on  tha  appropriate  patant(s). 
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Mott  of  tht  compositions  listed  in  Table  1  are  tiaply  solid  eolations  of  known 
end  members,  with  one  end  aeaber  being  a  Tc  shifter  which  adjusts  the 
dielectrio  aaxiana  closer  to  rooa  teaperatnre  to  aeet  appropriate  EIA  standard 
specifications  e.g.  Z5D.  Y5V,  T5S,  etc.  Many  of  the  coapositions  reported  in 
the  various  publications  are  very  similar  and  differ  only  in  the  aaount  of 
additives,  such  as  MnOj,  SiOj,  LijO  etc.,  which  are  added  to  iaprove  the 
electrical  resistivity,  reduce  the  firing  teaperatnre,  or  to  reduce  the 
teaperatnre  coefficient  of  capacitance. 

Interestingly,  the  vast  aaount  of  research  on  relaxor  dielectrics  for 
capacitors  has  occurred  only  in  recent  years.  The  question  arises,  what  has 
delayed  the  coaaercial  utilization  of  relazors  in  the  capacitor  industry  until 
now7  Relaxor  farroe lectrics  offer  several  obvious  advantages,  but  there  are 
several  disadvantages  in  using  relaxors  for  capacitors  when  coapared  to  BaTiOj 
based  aaterials. 

Soae  disadvantages  of  relaxors  for  use  in  aultilayer  capacitors  are: 

1)  Strong  dependence  of  dielectric  properties  on  frequency. 

2)  High  dielectric  loss  -  (ferroelectric  region) 

3)  PbO  is  a  aajor  constituent  -  (volatile,  toxic) 

4)  Mechanically  weak. 

The  aost  significant  disadvantage,  however,  is  the  fact  that  aany 
perovskite  relaxors  are  extreaely  difficult  to  reproducibly  fabricate/process 
without  the  appearance  of  a  stable  pyrochlore  phase,  which  often  leads  to  poor 
dielectric  properties.  In  this  paper  a  review  of  the  recent  work  done  to 
prepare  reliable  and  useful  ferroelectric  relaxors  for  capacitors  is 
presented.  An  analysis  of  the  stability  of  the  perovskite  structure  and  the 
conditioua  under  which  pyrochlore  phase(s)  fora  it  presented. 


A*  discussed  in  the  previous  section,  nuch  of  the  delay  in  the  practical 
divi lopatnt  of  relaxors  for  capacitora  ia  dna  to  the  difficulty  in  preparing 
single  phase  complex  Pb(B^B  2^3  perovskite  ceramics.  If  the  ceraaic 
preparation  is  done  by  following  conventional  aixed  oxide  process,  foraation 
of  stable  lead-based  pyrochlore  type  phase(s)  typically  occnrs.  The 
pyrochlore  phase(s)  severely  degrade  the  dielectric  propertiea  and  are  the 
priaary  cause  for  the  variation  in  dielectric  propertiea  for  a  given  relaxor 
coapoaition  reported  in  the  literature. 

Previous  studies  have  shown  that  in  order  to  understand  the  causes  for 
the  foraation  of  pyrochlore  phase,  we  should  consider  both  the  thermodynamic s 
and  reaction  kinetics  of  the  perovskite  relaxor  systeas.  A  description  of  the 
reaction  kinetics  and  the  stability  of  tha  perovskite  phase  considering 
thermodynamics  is  presented  in  the  following  sections. 

ill.  HHEIISS 

To  date  there  have  been  only  a  few  studies  regarding  formation  aechanisa 
and  reaction  kinetics  of  relaxor  compounds  with  auch  of  the  work  being  done  on 
the  relaxor  PMN.  The  largo  dielectric  constant  and  broad  transition 
teaperature  of  PMN  near  rooa  teaperature  makes  it  one  of  the  aore  attractive 
aaterials  for  capacitors  and  has  been  widely  investigated.  The  kinetics  of 
the  foraation  process  of  PMN  are  presented  in  this  section.  It  is  believed 
that  the  reaction  kinetics  in  PMN  are  representative  of  aany  other  niobate 
relaxors  as  wall  as  their  tantalste  analogues. 

Froa  earlier  work  it  is  clear  that  the  foraation  of  perovskite  PMN  is 
directly  related  to  the  reactivity  of  the  refractory  oxide  MgO,  (or  in  the 
case  of  other  relaxors  the  refractory  B  site  cations),  in  relstion  to  other 
phases  belonging  to  the  binary  systea  PbO-NbjOj. 


A  reaction  aaqoanca  for  tha  formation  of  PMN.  as  vail  as  solid  solutions 
of  PMN-PZ-PT  vaa  first  propotad  by  Iaada(34).  From  extensive  DTA  sad  I-ray 
dif fraotioa  stadias,  ha  coacladad  that  tha  parovskita  PMN  vaa  formad  aot  by 
tha  diract  formatioa  of  oxides,  bat  by  tha  rapatitioa  of  tha  folloviag 
raactioas : 

PbO  ♦  NbjO «  Pb1<5Nb206  5  (Pi.jN2)  "  aaioa  daficiaat  (1) 

exo  *  *  cubic  pyrochlora 

600-700* C 

Pbj  jNb206  j  ♦  PbO  - >  Pb2Nb207  “  rhombohadral  pyrochlora  (2) 

700-800*C 

Pb2Nb20^  ♦  MgO - >  PMN  parovskita  +  (3) 

eado  ^1.5^  2®  6. 3 

la  aqaatioa  1,  tha  iaitial  reaction  batvaaa  PbO  and  Nb203  rasnlts  in  the 
formation  of  cubic  pyrochlora.  vhere  upoa  further  reaction  vith  PbO  results  in 
the  formatioa  of  a  rhombohadral  pyrochlora  Pb2Nb207  (P2N)  (aquation  2).  Tha 
rhombohadral  pyrochlora  thaa  reacts  vith  MgO  at  higher  temperature  to  fora 
parovskita  PMN.  vith  tha  reappearaace  of  cubic  pyrochlora  phase.  Inada 
coacluded  that  to  obtain  single  phase  PMN,  it  is  necessary  to  prevent  tha 
evaporation  of  PbO.  vhich  vould  slov  dova  tha  above  reactions,  and  to  repeat 
tha  process  of  calcining,  crushing  and  calcining.  Tha  reaction  sequence 
proposed  by  Inada  is  similar  to  that  proposed  for  PFN,  by  lassarj ian(35),  and 
Yonexava(36).  except  that  in  PFN  a  2Pb0’Fe203  (P2F)  phase  also  forms  and  that 
tha  parovskita  PFN  appears  to  form  mors  saaily  than  parovskita  PMN. 

Lajauna  and  Boilot*37*  have  reported  a  somavhat  different  reaction 
sequence  for  the  formation  of  PMN  and  PFN,  than  that  proposed  by  Inada.  They 
reported  that  the  reaction  of  PbO  and  Nb2Oj  leads  to  the  formation  of  3  types 
of  pyrochlora  phases,  Pb3Nb20g  (PjN),  P2N  and  Fi#3N2»  and  farther  reaction 
betveea  P2N  vith  PbO  forms  a  lead  rich  PjN  pyrochlora  vith  the  Pj5N2  cubic 
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pyrochlora  phase  being  stable.  At  about  S30*C,  a  liquid  phaaa  vat  found  to 
form  and  PjN  caaetad  vith  MgO  to  fora  perovakite  PMN  with  tka  PjNj  phaaa  baing 
anal tarad. 

Swartz  and  Shrout*^®*,  ha ▼  a  eaportad  a  soaevhat  diffarant  raaction 
taqnaaca  for  tha  foraatiot  of  PM N  than  that  of  aithar  Zaada  or  Lajaoaa.  Ia 
thalr  work,  only  tha  cubic  pyrochlora  P^  jNj  vat  observed,  which  in  tarn 
raactad  vith  PbO  and  MgO  to  fora  perovakite  PMN.  Svarts  and  Shroat  alto 
confiraad  that  MgO  vat  incorporated  into  tha  cubic  pyrochlora  atructure  having 
an  approxiaata  formula  of  Phi.ggW*  1, 21^*0. 29®6. 34  The  exact  aaouat  of 
MgO  that  can  be  incorporated  into  tha  pyrochlora  atrnctare  la  not  yat  known. 
E.  Goo  and  G.  Thoaaa**0)»  H.C.  fang,  at  al.**1*  and  Chan,  at  al.**1*  have  alto 
reported  partial  Incorporation  of  MgO  ia  tha  pyrochlora  phaaa.  Proa  tha  vorka 
mentioned  above,  it  ia  clear  that  perovakite  PMN  down  not  fora  by  a  direct 
raaction  of  oxidaa,  but  by  subsequent  reactioaa  through  pyrochlora  phaaa(a), 
and  that  tha  cubic  pyrochlora  ia  vary  stable  and  is  never  coaplataly 
aliainatad.  Also,  tha  foraation  of  PMN  could  bo  accelerated  by  excess 
additions  of  PbO  and  also  MgO. 

Oifferancas  in  tha  aforeaentioaed  reaction  sequences  in  tha  foraation  of 
PMN  could  be  due  to  tha  dependence  of  reaction  kinetics  on  various  processing 
paraaatars,  such  as  particle  sixa  and  surface  area  of  the  raw  aatarials, 
heating  rates,  etc. 

Lajauna,  at  al.**^  and  other  investigators***'**^  have  reported  tha 
affect  of  various  processing  paraaatars  on  tha  coaposition  and  aaount  of 
phases  foraad  in  tha  preparation  of  PMN.  Basalts  of  various  caraaic 
processing  studies  are  given  in  Table  II.  As  can  be  expected  froa  the 
reaction  sequences**”*^ ,  processes  that  reduce  the  volatility  of  PbO,  such  as 
shorter  sintering  tiaes  and,  closed  crucible  firings,  lead  to  an  increased 
aaount  of  perovakite  phase.  Conversely,  processes  that  lead  to  PbO  loss,  as 


ia  loafer  sintering  Ciaes  Iced  to  ta  iacretsed  amount  of  pyrochlore  phase  at 
i*  e v ident  fora  the  folloviaf  reverse  reaction: 

3  PKN  ->  2 (PMN)  ♦  Pyrochlore  ♦  PbO  (4) 

Froa  the  above  reaction  as  well  as  other  reactions  in  which  pyrochlore  phase 
foraa,  free  PbO  will  be  present  in  the  ceraaics  nnlesa  driven  off  through 
volatilization.  The  presence  of  free  PbO  is  coaaonly  observed  ia  the  grain 
boandariee  aad  at  triple  points,  as  shown  in  a  scheataic  illustration  of  the 
aicroatractnre  for  PMN^4®*  (Figure  3).  It  is  believed  that  this  relatively 
weak  aaorphoas  PbO  grain  boundary  phase  gives  rise  to  the  characteristic 
iatergrann lar  fracture  frequently  observed  ia  relaxors.  Along  with  the 
aaorphoas  PbO  being  at  the  graia  boundary,  saall  grains  of  pyrochlore  are  also 
observed.  It  has  been  reported  that  depending  oa  the  ceraaic  process 
pyrochlore  phase  can  also  be  found  in  the  fora  of  large  discrete  grains*42*. 

Froa  Table  II,  it  is  also  apparent  that  ceraaic  processes  that  iaprove 
the  reactivity  of  the  refractory  oxide  MgO,  e.g.  finer  raw  aaterials, 
aixing/ail 1  ing  (disperab i 1 ity)  and  sol-gel  technique,  increase  significantly 
the  aaonnt  of  perovskite  PMN.  The  iaportance  of  the  distribution  of  MgO  in 
the  foraation  of  PMN  is  clearly  depicted  froa  an  Z-ray  fluorescence  (Figure  4) 
and  a  TEM  photomicrographs  (Figure  3)  where  discrete  uareacted  MgO  particles 
can  be  seen  in  the  perovskite  grsins.  The  MgO  particles  being  poorly 
dispersed  and/or  siaply  too  refractory  allows  PbO  and  particles  to  react 
favorably  to  fora  pyrochlore  phase. 

Hence  froa  ceraaic  processing  studies  described  in  Table  II,  it  is  clesr 
that  the  cubic  pyrochlore  phase  is  extreaely  stable.  The  pyrochlore  phase 
could  not  be  coapletely  eliainated  even  by  highly  reactive  processes,  snch  as 
sol-gel  technique. 


To  coapletely  eliainste  the  cable  pyrochlore  phase,  it  has  bssn  shows 
that  in  sdditioa  of  ap  to  6  wt%  excess  PbO(47<!  is  necessary.  Excess  PbO 
sccelerstee  the  forastios  of  PbO  rich  pyrochlore  phases,  Pb2Nb207  or 
Pb3Nb2Og(37>  (Equation  2).  The  addition  of  excess  MgO  (at  least  5  aolo%)(48_ 

also  helps  to  eliainate  the  pyrochlore  phase  by  coapensating  for  poor 
dispersabi 1 ity  and  reactivity.  Additives  inch  as  Pb  based  flaxes  PbP2  and 
PbjGe^Oj^  which  increase  the  saoant  of  PbO,  also  rednee  the  fraction  of 
pyrochlore  phase  Sach  additives  are  coaaonly  used  in  PMN  based 
coaaercial  relaxors  listed  in  Table  1.  such  as  TAM’s  coaposition.  Also,  the 
PMN-PFN  patent  by  Wheeler^3*)  is  based  on  a  solid  solution  of  PMN  with  a 
foraala  of  Pb(Mg2^2^>i/2^°3  non-stoichioaetric  PFN,  which  is  effeetivley 
PbO  end  MgO  excess.  The  effect  of  eliaineting  pyroohlore  phase  on  the 
dielectric  properties  can  be  seen  in  Figare  5.  Here  the  dieleetrio  constant 
drastically  increases*511  dae  to  the  eliaination  of  pyrochlore  phase  by  the 
addition  of  excess  PbO. 

Even  though  the  cubic  pyrochlore  phase  can  be  eliainated  by  the  addition 
of  excess  PbO  or  MgO,  the  resulting  PMN  perovskite  phase  will  be  non- 
stoichioaetric.  which  is  not  desirable.  The  iaportance  of  obtaining  a 
stoichioaetric  perovskite  PMN  coaposition  is  evident  by  the  vast  variation  in 
physical  and  dielectric  properties  reported  for  PMN  in  the  literature  and 
suaaarized  in  Table  III.  It  is  clear  that  PbO  and  MgO  deficiency  can  result 
in  excessive  aaoant  of  pyrochlore  phase  which  causes  poor  densif ication  and 
greatly  degrades  dielectric  properties.  Discrete  grains  of  pyrochlore  phase 
(estiaated  k  of  -  120' '•) ,  would  have  little  effect  on  the  dielectric 
properties  of  the  relaxor,  but  the  presence  of  free  PbO  (k  -  20)  in  the  grain 
boundary,  (Figure  3).  will  lower  the  overall  dielectric  constant  giving  rise 
to  the  observed  grain  size  dependency  of  k  as  reported  by  Swartz,  et  al.*571. 
Excess  PbO  not  only  aids  in  the  eliaination  of  pyrochlore,  but  enhances 
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deni  i  f  ic  a  t  ion  through  liquid  phase  wintering.  However,  item  PbO  in  the 
grain  boundary  ean  laad  to  unwanted  reduction  in  k,  IE  degradation,  and 
eg  ing^l-57)  The  detrimental  effecta  of  exceaa  PbO  on  the  dielectric 
properties  can  be  avoided  if  the  ezeesa  PbO  is  driven  off  through 
volatilization  during  the  early  stagea  of  sintering^).  Ezeesa  PbO  also  can 
lead  to  slight  shifts  in  Tc  (+l-2*C/*t%^^)  and  increased 
diffusanass/broadnass  of  the  transition^*^.  Aa  with  ezeeaa  PbO,  various 
PbO  based  fluzas,  that  are  commonly  employed  in  the  fabrication  of  PMN  can 
also  lead  to  reduced  dielectric  constant  and  other  detrimental  effects. 

Excess  MgO  has  been  found  to  promote  grain  growth  and  to  enhance  k.  Such 
grain  growth  is  believed  to  be  the  result  of  elimination  of  pyrochlore  phase 
from  the  grain  boundary  region  which  inhibits  grain  growth.  As  with  excess 
PbO,  excess  MgO  also  results  in  slight  shifts  in  Tc^^.  The  addition  of 
acceptor  dopants,  such  as  Mn,  and  Fe,  which  are  commonly  added  to  relaxor 
formulations,  also  cause  a  higher  aging  rate  of  dielectric  properties.  The 
mechanism  by  which  excess  PbO,  and  other  dopants  cause  aging  is  not  yet  clear. 


In  order  to  obtain  stoichiometric  perovskite  PMN,  it  was  concluded  by 
Swartz  and  Shrout  '  that  the  intermediate  pyrochlore  phase(s)  reaction  most 
be  eliminated.  In  order  to  achieve  this,  a  novel  approach  whereby  the  two 
refractory  B  site  oxides  MgO  and  Nb20j  were  prereacted  to  form  the  columbite 
BgNbjOg  prior  to  reaction  with  PbO  as  shown  in  the  following  set  of  reactions: 

-1000»C 

MgO  +  Nb2Os - >  MgNb206  (5) 

~700*C 

MgNb2°$  +  3 PbO  —— — >  3  (PMN)  (6) 
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In  the  above  reaction  sequence,  the  pyrochlore  formation  i*  bypassed  leading 
to  the  direct  formation  of  PMN.  Naturally  tba  ibcciii  of  thi»  approach 
depends  npon  various  ceramic  process  parameters,  such  as  reactivity  of  MgO. 
mixing,  and  controlling  PbO  volatility.  Preparation  by  this  method  always 
shows  substantial  improvement  in  the  amount  of  perovskite  phase  compared  to 
conventional  mixed  oxide  processing  as  shown  in  Table  IV.  Stoichiometric  PMN 
ceramics,  completely  free  of  pyrochlore  phase,  can  be  prepared  easily  by  this 
method . 

The  columbite  method  is  believed  to  be  successful  in  preparing  PMN 
ceramics,  with  perovskite  structure,  for  the  following  reasons: 

(1)  The  refractory  oxides,  MgO  and  NbjOj  are  dispersed  essentially  on  an 
atomic  scale.  Prom  Table  II  and  Figures  3  and  4,  it  is  clear  that  the 
dispersion  of  MgO  is  very  critical  in  supressing  the  formation  of  pyrochlore 
phase. 

(2)  In  order  for  PbO  to  react  with  MgNb20g  to  form  pyrochlore,  it  wonld 
first  have  to  liberate  Nb20j.  The  kinetics  of  tnis  reaction  appears  to  be 
slow  enough  to  prevent  pyrochlore  formation. 

The  dielectric  properties  of  PMN  ceramics  prepared  by  this  method  are,  in 
general,  consistently  superior  compared  to  those  prepared  by  conventional 
mixed  oxide  process^^. 

The  process  of  pre-reacting  the  B  site  cations,  either  to  form  Columbite 
phase  or  to  form  Wolframite  phase  B2B20^  has  been  successfully  applied 
to  many  other  relaxors.  such  as  presented  in  Table  IV,  PNN^^,  PFN^1^, 
pMj(33)  tn^  psT^^),  and  for  many  solid  solution  systems^*®*.  As  with  PMN, 
the  dielectric  properties  were  found  to  be  superior,  ss  s  result  of  reduction 
in  the  amount  of  cubi  rochlore  phase.  This  method,  however,  was  only 
partially  successful  :  PIS'' '  ’  •'  snd  totally  unsuccsssful  for  a  number  of 
relaxors  such  ss  Pb(Zn1/3Nb2/3)03  (PZN),  Pb(Cd1/3NB2/3)03  (PCN)  and 


PB(ZN1/3TA2/3  )03  (PZTs)(53).  From  the  preceding  discussion  it  it  clttr  that 
in  order  to  ondtrstand  the  stability  of  the  perovskite  phase  and  the  formation 
of  pyrochlore  phase  in  ferroelectric  relazors.  ve  should  consider  the 
thermodynamic s  as  veil  ss  the  reaction  kinetics. 


IV.  THERMODYNAMICS 

Of  all  the  ABOj  structures,  the  coapounds  of  the  perovskite  faaily  are 
probably  the  aost  nuaerous  and  of  technological  importance.  Numerous  authors 
have  studied  the  stability  of  perovskite  structure  with  respect  to  other 
itrsctstsi^^.  The  perovskite  structure  has  the  general  formula: 
AXIIBvro]fI.  Here,  the  roman  numerals  represent  the  corresponding  cation:anion 
coordination  number  (CN).  The  two  basic  requirements  for  the  ttability  of  the 
perovskite  structure  are:  (1)  the  ionic  radii  of  the  cations  should  be  within 
proper  limits  and  (2)  the  c a t ions-an ions  should  have  a  strong  autual  ionic 
bond.  The  first  requirement  relates  to  the  perovskite  unit  cell  size. 
Go ldshmidt^3^  proposed  the  concept  of  a  tolerance  factor  where  the  tolerance 
factor  't'  is  given  by: 


rA+r0 

2(rB+rQ) 


(7) 


where  r^,  rg,  rQ  are  the  respective  ionic  radii.  Goldschmidt  concluded  that 
the  perovskite  structure  may  be  expected  within  the  limits  t  ■  0.77  to  0.99, 
if  ionic  radii  based  on  octahedral  coordination  are  considered.  If  the  ionic 
radii  are  corrected  for  the  difference  in  coordination  number,  the  limits  of 
t  are  0.94  to  1.06. 

The  second  requirement  relates  to  the  amount  of  ionic  bonding.  The 
amount  of  ionic  bonding  is  proportional  to  the  difference  between  the 
electronegativity  of  the  cations  snd  anions.  Similar  to  the  analysis 
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tad  by  Halliyal,  at  tha  tolerance  factor  tad 


e lectroaegativ ity  differenca*  for  several  known  ABOj  type  perovskite  compounds 


wara  calculatad  mad  ara  plotted  ia  Figure  6.  Tba  tolaraaca  factors  ware 


lculated  using  equation  7  using  ioaic  radii  suggested  by  Shaaaoa  aad 


Prewitt'661.  For  compounds  containing  more  than  one  B  site  cation,  aa  with 


tha  relaxors,  the  weighted  average  waa  used  for  rg.  A  weighted  average  was 


again  used  for  deteraiaing  tha  a  1  a c t r oaa g a t i v  i  ty  difference  using 
Paul ing's*6^*  electronegativity  scale  as  expressed  ia  the  following  equation: 


(IA-0+*BH>>'2 


where  XA_n  *■»  the  electronegativity  difference  between  A  site  cation  and 


oxygen  and  Xg_Q.  the  electronegativity  difference  between  the  B  site  cations 


and  oxygen.  As  shown  in  Figure  (6).  it  ia  clearly  evident  that  coapouads  such 


ae  BaTiOj  and  CNbO^  having  both  high  tolerance  factor  and  high 


electronegativity  difference  (strong  ioaic  bonding)  should  be  extreaely  stable 


perovskites  structures,  as  they  are  well  known  to  be.  For  PbO  baaed 


perovskite  compounds,  both  the  tolerance  factor  and  electronegativity 


difference  are  small,  thus  they  should  be  less  stable  perovskites.  This 


observation  agrees  quite  well  with  experimental  data  in  regard  to  the  ease  of 


preparation  of  these  compounds  with  perovskite  structure.  Experimental  ly,  the 


relative  ease  of  fabrication  of  the  lead  based  perovskites  roughly  follows  the 


sequence*11'12-33-68*: 


pa*  <  PCN  <  PIN  <  PSN  <  PNN  <  PHN  <  PFN  <  PFW  <  PZ  <  PT 


In  other  words.  PZH  is  the  most  difficult  relaxor  perovskite  to  prepare  in 


single  phase  perovskite  fora.  In  fact,  it  is  well  known  that  perovskite  PZN 


cannot  be  fabricated  by  conventional  mixed  oxide  ceraaic  processing.  However. 


the  above  sequence  of  difficulty  does  not  quite  fit  empirically  aa  shown  ia 


VvV/VvV" 

Wa-jCmf*  «"».  ith  W 


Figure  6.  Perhaps  for  compounds  such  as  PZ  aud  PZN,  ocher  boading  and 
structural  paraaeters.  such  as  electron  configuration,  cation  valence 
stability,  ordering  paraaeters,  etc.  should  also  be  considered. 

To  further  investigate  the  stability  of  lead  based  conplex  perovskites, 
one  should  also  look  at  the  pyrochlore  structure.  The  pyrochlore  structure  is 
noraally  of  the  type  a2IIIb2  V°  6°*^'  wller*  the  A  site  cation  is  now  8 
coordinated.  A  nuaber  of  these  coapositions  also  frequently  fora  an  anion 
deficient  pyrochlore  structure  where  one  of  the  oxygens  is  aissing  giving  the 
general  foraula  Aj  B^  Og.  In  aany  of  these  defect  pyrochlores.  the  vacant 
anion  site  is  partially  filled.  Due  to  the  aissing  oxygen  atoa,  the  CN  of  the 
A  cation  (typically  Pb*2),  drops  froa  8  to  6.  It  has  been  suggeeted^*'^®* 
that  Pb-Pb  bonding  across  the  oxygen  vacancy  is  responsible  for  this  defect 
structure  or  alternately,  the  inherent  covalency  of  these  phases  favors  the 
defect  structure.  Froa  Figure  6 ,  it  is  clear  that  PbO  based  perovskite 
coapounds  tend  to  be  more  covalently  bonded  than  other  perovskites  such  as 
BaTiO^  (BT),  and  SrTiO^  (ST).  Thus  perhaps  one  would  expect  PbO  based 
perovskites  to  favor  covalently  bonded  structure  snch  as  the  anion  deficient 
pyrochlore.  Perhaps  the  affinity  of  the  pyrochlore  structure  towards 
covalency  is  the  priaary  reason  why  the  perovskite  PZN  is  extreaely  difficult 
to  fora.  In  PZN,  the  Zn  cstion  prefers  four-fold  coordination  as  in 
Vurtxite  ZnO,  which  is  strongly  covalently  bonded.  Based  on  the  theraodynaaic 
arguaent,  we  can  conclude  that  if  lead  based  perovskites  can  be  aade  aore 
ionic  or  if  the  tolerance  factor  is  increased,  the  problea  of  pyrochlore 
foraation  can  be  eliainated. 

Furnkawa,  et  al.^®^  and  Halliyal,  et  al.^,'f  both  observed  that  since 
BaTiOj  has  the  highest  electronegativity  difference  and  tolerance  factor,  the 
addition  of  a  saall  amount  of  BT  should  stabilize  the  perovskite  structure  in 
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was  required  to  atabilita 


PZN.  A»  listed  in  Tabl#  V.  only  6-7  mole*  of  BT<64) 
perovskite  PZN  vbaraas  10  nole%  of  BZN(72).  10  aole%  E20(73)0,  10  of 

SrTiOj*74^,  30  aole%  of  px*73'7^  and  up  to  55  aole%  of  PZ*7^  was  required 
to  stabilize  perovskite  PZN.  Also  inelndad  in  tbs  tabla  ara  calculated  values 
of  the  electronegativity  differences  AZ  and  tolerance  factor  t. 

The  iaprovaaant  in  the  dielectric  constant  of  PZN  ceraaics  ts  a  function 
of  additions  of  BaTiO^^4^  can  be  seen  in  Figure  7.  An  addition  of  7  aole%  of 
BaTiOj  coapletely  eliainates  the  foraation  of  pyrochlore  phase  resulting  in  a 
large  increase  in  dielectric  constant.  PZN  based  cos^ositions  aodified  with 
BT  and  or  ST  have  already  been  developed  for  capacitors,  as  presented  in  Table 
I. 

Many  investigators  have  observed  that  cerain  coapositional  modification 
of  relazors,  e.g.  PMN-PT^44*,  Li20  doped  PDi^41*  and  PUN*77*,  ete.  were  easier 
to  fabricate  in  perovskite  fora.  Perhaps  such  aodif ioatione  also  effectively 
increase  the  ionicity  and/or  tolerance  factor  which  help  in  stabilizing  the 
perovskite  structure,  as  with  the  various  PZN  aodif ication. 


A  review  of  recent  literature  on  lead  based  ferroelectric  relazors 
reveals  that  over  the  past  few  years  lead  based  dielectric  aaterials  are 
becoaing  increasingly  iaportant  for  aultilayer  ceraaic  capacitors.  Extensive 
research  work  on  the  studies  of  preparation  and  dielectric  properties  of  lead 
based  relazors  has  enabled  to  reproducibly  fabricate  relazors  which  were  in 
the  past  plagued  by  the  inevitable  foraation  of  a  parasite  pyrochlore  phase. 
Efforts  have  been  aade  to  understand  the  problea  of  pyrochlore  foraation  and 
the  stability  of  the  perovskite  phase  both  kinetically  and  theraodynaaical  ly. 

In  several  relazors  like  PMN,  the  foraation  of  the  perovskite  phase  is 
primarily  related  to  the  reactivity  of  the  refractory  oxides  in  relation  to 


16 


jiryy, 


the  other  phase*  in  the  PbO-Nb2Oj  binary  lyitan.  lineticslly.  ceraaic 
processes  that  in*rove  tha  reactivity  of  MgO.  anch  as  batter  ail  1 ing/aixing  - 
dispersabil  ity  and  procesaaa  in  which  the  PbO  volatility  i*  controlled  by 
redaction  in  firing  tine,  or  by  firing  the  ceranic  in  PbO  rich  ataosphere, 
enhance  tha  foraation  of  parovshite  phase.  It  has  alto  been  observed  that  the 
addition  of  excess  PbO,  end  MgO  or  lead-based  flaxes  conld  lead  to  the 
aliaination  of  the  pyrochlora  phase,  bat  yield  non-stoichioaetric  ceraaics 
which  show  undesirable  dielectric  properties  such  as  aging.  To  obtain 
stoichioaetric  perovskita  relaxors  such  as  PMN.  PNN,  etc.  a  novel  approach 
referred  to  as  the  Co luab ite/fo 1 fraaite  precursor  aethod  can  be  adopted.  In 
this  aethod  the  refractory  B  site  cations  are  prereacted  prior  to  the  reaction 
with  PbO.  thus  eliainating  the  unwanted  pyrochlora  phase.  However,  this 
approach  fails  to  yield  perovskite  ceraaics  for  PZN,  PZT,  PIN  and  PCN.  which 
leads  one  to  conclude  that  the  stability  of  the  perovskite  phase  is  probably 
theraodynaaic  in  nature.  Theraodynaaical  ly.  the  stability  of  the  perovskite 
ABO3  structure  is  found  to  be  dependent  on  the  Goldschaidt  tolerance  factor, 
which  relates  ideal  cation  sizes  for  the  stability  of  the  perovskite  structure 
and  the  ionicity  of  the  perovskite  structure.  An  analysis  of  the 
electronegativity  and  tolerance  factor  of  several  ABO3  type  coapounds  revealed 
that  perovskite  coapounds  with  both  large  tolerance  factor  and 
electronegativity  differences  such  as  SrTiOj  and  BaTi03  are  very  stable 
perovskitea.  The  lead  based  relaxor  coapounds  which  have  lower  tolerance 
factor  and  lower  electronegativity  diffference  than  SrTi<>3  and  BaTi(>3  are 
found  to  be  difficult  to  synthesize  in  perovskite  fora.  Such  coapounds  tend 
to  fora  a  nore  covalently  bonded  pyrochlora  structure,  Pb2Nb207  or  the  anion 
deficient  pyrochlora  Pbj  5Nb20$  s  phase.  Increasing  the  tolerance  factor  and 
electronegativity  difference  of  such  coapounds  by  the  addition  of  BaTi(>3  or 
SrTi03,  is  found  to  be  highly  successful  in  stabilising  the  perovskite 
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•  tractor*.  It  i«  cl**r  that  th*  problen  of  pyrochlore  foraation  ia  th* 
preparation  of  perovskit*  lead  based  relaxors  it  priaarily  theraodynaaic  in 
natnr*  for  relaxors  «och  at  PZN,  PIN,  PCN.  and  perhaps  to  a  l*tt*r  extant  for 
other  relaxort  each  at  PMN,  and  PNN  in  which  the  pyrochlore  foraation 
strongly  depends  on  the  reaction  kinetics. 

Regardless  of  whether  the  foraation  of  th*  pyrochlor*  phase  in  perovskit* 
relaxors  is  theraodynaaic  or  kinetic,  th*  dielectric  and  physical  properties 
of  relaxors  are  strongly  dependent  on  the  ability  to  control  and  understand 
the  natnr*  of  th*  pyrochlore  foraation  in  order  to  reprodocibly  fabricate 
relaxors  with  the  perovskit*  structure. 

Snaxestions  for  Future  Work 

(1)  Proa  th*  studies  perforatd  on  the  relaxor  PMN,  it  is  clear  that  the 
reaction  kinetics  plays  an  extraaely  iaportant  role  in  the  foraation  of 
pyrochlore  phase.  Particularly,  improving  the  reactivity  and  diapersabil ity  of 
the  refractory  oxide  MgO  suppresses  the  foraation  of  pyrochlor*  phase. 
Further  work  should  be  done  in  order  to  understand  the  effect  of  high  energy 
ailling  and  better  aixing  of  the  raw  aaterials  using  techniques  like  attrition 
ail  ling  on  the  reaction  kinetics  of  relaxors.  Also,  non-convent ions  1  ceraaic 
processing  aethods  such  as  aolten  salt,  co-precipitation  and  hydrotheraal 
techniques  can  be  used  to  prepare  highly  reactive  powders  of  relaxors  to 
understand  th*  reaction  kinetics  better.  Perhaps,  such  techniques  aay  perait 
the  preparation  of  theraodynaaic a  1  ly  unstable  relaxor  perovskites  such  as  PZN. 

(2)  To  further  evaluate  th*  theraodynaaic  nature  of  the  perovskit* 
stability  the  stabilization  of  the  perovskit*  phase  for  relaxors  snch  as  PIN. 
PZTa.  and  PCN  with  additions  of  SrTiOj  or  BsTiOj  could  be  evaluated.  A 
siailar  study  of  exaaination  of  ionicity  and  tolerance  factor  needs  to  be  don* 
for  th*  pyroohlor*  structure  faaily  also. 
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(3)  The  ro 1 •  of  processing  variables  on  corresponding  variation  ia  phase 
coataat  and  dialaetric  and  physical  propartiaa  of  tha  caraaiea  should  ba 
invaatigatad  ia  eoaaercial  multilayer  capacitors,  paying  particular  attention 
to  aechanioal  strength.  IK  degratioa,  aging,  and  Ag*  aigration  froa  tha 
electrodes . 

Acknowledieaeats 

The  authors  would  like  to  acknowledge  Dr.  L.E.  Cross.  Dr.  S.J.  Jang,  Dr. 
ff.A.  Schulzs,  Dr.  Scott  Swartz,  Dr.  S.  Venkataraaani  and  Truaan  Eutt  for  all 
their  help  in  tha  world  of  relazor  dielectrics. 


•’V' 

1 
IL  v 


19 


BBFBMNCE3 

1.  J.M.  Herbert,  *(V*»ic  pj.lactrlci  tad _ Capacitors."  Electrocoaponent 

Science  Monograph* .  Vol.  6,  Gordon  and  Branch,  NT  (198S). 

2.  W.R,  Buessea  and  T.I.  Prokopowicx,  •Electrode  and  Material*  Probleae  in 
Ceraaic  Capacitors,*  Ferroelectrice  1£.  225-230  (1981). 

3.  J.M.  Herbert,  'Method  of  Making  Ceraaic  Dielectric  Material,*  U.S.  Patent 
#2.934.442  (1959). 

4.  I.  Burn  and  G.H.  Maher,  "High  Resistivity  BaTiOj  Ceraaica  Sintered  in  CO- 
COj  Ataospheres , *  J.  Mat.  Sci.  ifi,  633-640  (1975). 

5.  T.L.  Rntt,  "Ceraaic  Capacitors,*  U.S.  Patent  3,679,950  (1972). 

6.  T.L.  Rntt  and  J.A.  Syne,  "Fabrication  of  Multilayer  Ceraaic  Capacitor  by 
Metal  Iapregnation,"  IEEE  Trans,  on  Parts,  Hybrids,  and  Packaging,  PHP-9, 
144-147  (1973). 

7.  G.A.  Saolenskii  and  A. I.  Agranovuskaya,  "Dielectric  Polarisation  of  a 
Nii-  ier  of  Coapler  Coapooads,*  Soviet  Physics  -  Solid  State  1,  1429-1437 
(1959). 

8.  N.  Setter  and  L.E.  Cross,  "The  Role  of  B-Site  Cation  Disorder  in  Diffuse 
Phase  Transition  Behavior  on  Perovskite  Ferroelectrics,"  J.  Appl.  Phys. 
H  [8],  4356-4360  (1980). 

9.  C.G.F.  Stenger,  F.L.  Scholten,  and  A.J.  Bnrggraf,  "Ordering  and  Diffuse 
Transitions  in  Ph (Scq( jTag^ j)0j  Cersaics,"  Sol.  State  Coaa.  H,  898-992 
(1979). 

10.  N.  Setter  and  L.E.  Cross.  "The  Contribution  of  Structural  Disorder  to 

Diffuse  Phase  Transitions  in  Ferroe 1 ectrics,"  J.  Mat.  Sci.  H  [a],  -428- 

2482  (1980). 

11.  Lando  1  t-Bornste  in,  Ferroelectrics  and  Related  Substances.  New  Series, 
Vol.  16,  Springer-Ver lag  Berlin,  Heidelberg,  NT  (1981). 


20 


Coanounds .  Pergaaon  Press,  NT  (1969). 


13.  T.E.  Shrout,  S.L.  Swartz  and  M.J.  Haun.  "Dielectric  Properties  in  the 
Pb<F*l/2Nbl/2)O3_Pb(Nil/3Nb2/3)03  Solld  Solution  Systea."  Aaer.  Cera. 
Soc.  Boll.  &  [6],  808-810  (1984). 

14.  S.  Fojiawara.  £.  Furukawa,  N.  Cikachi,  0.  Iizawa  and  H.  Tanaka.  'High 
Dielectric  Constant  Type  Ceraaic  Coapo s i t ion, ■  D.S.  Patent  4,263,668 
(1981). 

15.  0.  Iizawa,  S.  Fnjiwana,  H.  Deoka.  I.  Furukawa,  N.  Kikuchi  and  H.  Tanaka, 
"High  Dielectric  Constant  Type  Ceraaic  Coaposition,"  D.S.  Patent 
4. 233. 633  (1984). 

16.  K.  Fnrnkawa,  S.  Fujiwara.  N.  Kikachi,  0.  Iizawa  and  H.  Tanaka,  "High 
Dielectric  Constant  Type  Ceraaic  Coaposition  Consisting  Essentially  of 
Pb(Fe1/2Nb1/2)03-Pb(M|1/3Nb2/3)03.'  D.S.  Patent  4.216,102  (1980). 

17.  S.  Fujiwara,  K.  Furukawa.  N.  Kiknchi,  0.  Iisawa,  H.  Tanaka  and  H.  Deaka, 
■High  Dielectric  Cosiposition  Consisting  Essentially  of  Pb(Fe2y2Nb2y2)03~ 
Pb(Mll/3T*2/3)03*'  D,S*  Plteat  4.216.103  (1980). 

18.  M.  Tonezawa  and  T.  Ohno,  "Ceraaic  Coapositions  Hawing  High  Dielectric 
Constant,*  D.S.  Patent  4,078,938  (1978). 

19.  M.  Tonezawa  and  T.  Ohno,  "Ceraaic  Coapositions  Hawing  High  Dielectric 
Constants,"  D.S.  Patent  4,236,928  (1980). 

20.  Miysaoto  and  M.  Tonezawa,  "Ceraaic  Coapositions,"  Jpn.  Patent  (in 
Japanese)  Sho60-33258  (1985). 

21.  C.  Takahashi  and  Harata,  "High  Peraittiwity  Ceraaic  Coapositions,"  Jpn. 
Patent  (in  Japanese)  Sho59-lS1407  (1984). 

22.  T.  Taaishita,  T.  Takahashi  and  M.  Harata,  "High  Dielectric  Content  Type 
Ceraaic  Coaposition,"  European  Patent  0,121,161  (1984). 


<.•  • 
.  A 


21 


23.  I.  Yaaashita.  0.  Furukawa.  M.  Harata.  T.  Takahashi  and  K.  Inagaki.  'A  New 
Lead  Perowskite  155  Dialactric  for  Multilayer  Caraaic  Capacitor.*  Jpn.  J. 
Appl.  Phys.  2i,  1027-1029  (1985). 

24.  Y.  Yaaaabita.  K.  Inagaki.  K.  Handa  and  T.  Vatanase.  'A  Larga  Capacitance 
Y5U  MLC  Baaad  on  Modified  Lead  Zinc  Niobate.*  (to  be  published  in 
Farroalactrics)  . 

25.  Y.  Sakaba  and  y.  Haaaji.  •Caraaic  Dielectric  Coapositin,'  U.S.  Patent 
4.339.544  (1982). 

26.  J.M.  Thaalar,  'Caraaic  Capacitors  and  Dialactric  Coapos it  ions. *  U.K. 
Patent  2.126.575  (1984). 

27.  J.M.  Wheeler  and  D.A.  Jackson.  'Dielectric  Coapos  i  t  ion.  ■  U.K.  Patent 
2. 127. 187 A  (1984). 

28.  H.  Ohnchi  and  Y.  Mitsno.  'High  Peraittiwity  Caraaic  Coapositions,*  Jpn. 
Patent  (in  Japanese)  Sho59-107939  (1984). 

29.  Tsota  and  Yasno,  'Manufacturing  Method  of  High  Peraittiwity  Ceramic 
Coapositions."  Jpn.  Patent  (in  Japanese)  Sho59-203759  (1984). 

30.  H.  Ohuchi  and  Y.  Matsuo,  "High  Peraittiwity  Caraaic  Coapositions,'  Jpn. 
Patent  (in  Japanese)  Sho-39-111201  (1984). 

31.  M.  Nishita.  H.  Ohuchi  and  y.  Matsuo.  'High  Peraittiwity  Caraaic 
Coapositions."  Jpn.  Patent  (in  Japanese)  Sho  59-54665  (1984). 

32.  B.J.  Bouchand,  'Dielectric  Powder  Coapos it  ions. ■  U.S.  Patent  4,048,546 
(1977). 

33.  H.D.  Pack  and  A.E.  Brown,  'Ceraaic  Coaposition  for  Dielectric  in 
Multilayer  Capacitors."  U.S.  Patent  #4,550,088  (1985). 

34.  M.  Inada,  "Analysis  of  the  Forastion  Process  of  the  Piezoelectric  PCM 
Ceraaics,*  Japanese  National  Technical  Report.  H  [U»  95-102  (1977). 


33.  MJ.  Eassarjian,  'A  Lead-Iron-Niobate  Dielectric  Ceramic  for  Low  Fir  in* 
Temperature  Capacitors.*  M.S.  Thesis,  The  Pennsylvania  Stata  University 
(1984). 

34.  M.  Tonasawa  and  T.  Ohno,  'Perovskite  Formation  Procassas  and  Propartias 
of  the  System  Pb(Fa2/3W1/3)03-Pb(Fa1/2^i/2)03**  Proceedings  of  tha 
Japan-U.S.  Stndy  Seminar  on  Dialactrics  ad  Piezoelectrics,'  T-8.  1-5 
(1982) . 

37.  M.  La j  anna  and  J.P.  Boilot.  'Formation  Mechanism  and  Ceramic  Process  of 
tha  Ferroelectric  Perovskites:  Pb(M*jy jN1»2/3)03  and  PbtFej^Nbj^^Os'* 
Caraa.  Inti.  I  13],  99-104  (1982). 

38.  S.L.  Smarts  and  T.R.  Shront.  'Fabrication  of  Perovskite  Lead  Magnesium 
Niobate.*  Mat.  Res.  Boll.  H.  1243-1250  (1982). 

39.  T.R.  Shront  and  S.L.  Smarts.  'Dielectric  Propartias  of  Pyroohlore  Load 
Magnesium  Niobate , *  Mat.  Res.  Bull.  18 .  663-667  (1983). 

40.  E.  Goo  and  G.  Thomas.  "Microstructure  of  Lead-Magnesiua-Niobate  Ceramics.* 

41.  H.C.  Vang.  V.A.  Schulze  and  P.F.  Johnson.  "SEMS  Characterisation  of  the 
Role  of  Excess  PbO  and  MgO  in  Lead  Magnesium  Niobate."  prasoatad  at  87th 
Annual  American  Ceramic  Society  in  Chicago.  IL  (1986). 

42.  H.M  Chan,  A.  Gorton,  C.  Jia,  D.M.  Smyth  and  M.P.  Harmer,  'Processing 
M  ic ro s t rue tur a  and  Properties  of  the  Ralazor  Materials 

Pb(M*l/3Nb2/3)03;PbTi03  *nd  Pb(M*l/'2Wl/2)03‘PbTi03*'  Presented  at  Amer. 
Ceram.  Soc.  Mtg.,  Chicago,  IL  (1986). 

43.  M.  Lejeuae  and  J.P.  Boilot,  'Influence  of  Ceramic  Processing  on 
Dielectric  Properties  of  Perovskite  Type  Compound:  Pb(Mg}  /3Nb2/3>°3'’ 
Ceram.  Inti.  £  [4].  119-122  (1983). 

44.  SJ.  Jang,  "Electrostrictive  Ceramics  for  Electrostrictive  Applications," 
Ph.D.  Thesis,  The  Pennsylvania  State  University  (1980). 


23 


45.  T.f.  Deklevs,  "Preparation  of  Pyrochlore-Free  PMN,  and  the  Cheaistry 
Involved  in  the  Gals  Involved,"  (to  ba  published). 

46.  "Perovskite  at  Pyrochlores  An  Ploat  PZN  (PbZn^^jNbj/jJOj :  PFN 
(PbFa^^^l/l^S  et  pttN  (PbMg  j/jNbj/jJOj  Condansatanrs  Mn  1 1  icouche  s  a 
Hanta  Constanta  D ie 1 ec t r ique ,"  Crystals  Chaa.  and  Phys.  £,  469-491 
(1983). 

47.  M.  Lajanna  and  J.P.  Boilot.  "Caraaics  of  ParoTskita  Lead  Ma|nesina 
Niobata,*  Farroa lectrics  5±j  191-194  (1984). 

48.  Tao  Xi,  private  coaannication. 

49.  M.  Nagase.  "Foraation  of  Pb  [(Mg^J^/jJTiZrlX^  Caraaic  and  Effect  of 
Excess  MgO, •  (Japanese)  Matsnshita  Electric  Co..  Viralass  Lab.  Report 
IDI-6137  (1968). 

50.  C.  Fnrnkava,  S.  Fujiwana,  and  T.  Ogasavara,  'Dielectric  Properties  of 
PbOUi/3Nb2/3)03-PbTi03  Caraaics  for  Capacitor  Materials."  Proceedings  of 
the  Japan-D.S.  Study  Saainar  on  Dielectric  and  Piezoelectric  Caraaics. 
P.T.-4  (1982)  . 

51.  S.L.  Svartz,  T.R.  Shront.  f.A.  Schuzle  and  L.E.  Cross,  "Dielectric 
Properties  of  Lead  Msgnesioa  Niobata  Caraaics," 

52.  M.  Lejeune  and  J.P.  Poilot,  "Low  Firing  Dielectrics  Based  on  Lead 
Magna isua  Niobata,"  Mat.  Ras.  Bell.  1£,  493-499  (1985). 

53.  Tboaas  Shront,  private  coaannication. 

54.  Scott  Svartz,  private  coaannication. 

55.  M.  Lajanna  and  J.P.  Boilot,  "Optiaization  of  Dielectric  Properties  of 
Lead-Magnes ina  Niobata  Caraaics,"  Aa.  Caraa.  Soc.  Bnll.  [4],  679-682 
(1986)  . 

56.  M.  Lajanna  and  J.P.  Boilot,  "Pb(Mg1/3Nb2/3)03  (PMN)  Multilayer 
Capacitors,"  Journal  Da  Physique-Colloque  Cl  Cl-895  (1986). 


57.  S.  Swartz,  G.O.  Dayton  and  D.  Lanbscher.  'Low  Temperature  Firad  Laad 


> 


Magnesium  Niobata.'  (to  ba  pnbliahad  in  Farroalectrica)  . 

58.  f.  Pan.  B.  Fnr»an.  L.E.  Croat  and  G.O.  Dayton.  'Aging  Effect  in  MnO  Doped 
Pb (Mg  1/3^2/3)03  +  10*  PbTiOj  Balaxor  Ceramics,'  (to  ba  pnbliahad  in 
Farroalactrica) . 

59.  L.  Vaitch,  'Dielectric  Propertiaa  of  Pb(Ni^/3Nb2/3)G3»  B.S.  Thesis,  The 
Pennsylvania  State  Dniversity,  University  Park.  PA  (1982). 

60.  D.J.  Voaa,  S.L.  Svartz.  and  T.R.  Shront,  'The  Effacta  of  Variona  B-Site 
Modifications  on  tha  Dielectric  and  Elactroatrictive  Properties  of  Lead 
Magnaaioa  Niobata  Ceraaics,*  Farroalactrica  £2,  203-208  (1983). 

61.  P.  Groves,  ■Fabrication  and  Characterization  of  Ferroelectric  Parovakita 
Laad  Indina  Niobata,*  to  ba  pnbliahad  in  Farroalactrica. 


t 


*  \ 


62.  0.  Mailer  and  B.  Roy,  'Crystal  ChaalatrT  on  Non-Matnlllc _ Hltttllll.' 

Spr inger-Ver lag .  NT  (1974). 

63.  V.M.  Goldschmidt,  Schrifter  Norske  Vidanskaps  -  Akad.  Oslo  1:  Matemot. 
Natnrnid.  Elasse,  No.  2  (1926). 

64.  A.  Halliyal,  U.  Kumar  and  R.E.  Newnham,  'Stabilization  of  Parovakita 
Phase  and  Dielectric  Properties  of  Ceraaics  in  tha  PHZnj^M^^Oj-BaT^ 
Syataa. "  Snbaittad  to  J.  Aaar.  Ceraa.  Soc . 

65.  A.  Halliyal,  T.R.  Gnrnraja,  U.  Enaar  and  A.  Safari.  'Stability  of 
Perovskite  Phase  in  Pb(Znj/3Nb2/3)Oj  and  Other  AtBTT'^  Perovskites,* 
to  ba  published  in  Farroalactrica. 

66.  R.D.  Shannon  and  C.T.  Prewitt,  Acta  Cryst.  B25.  925  (1969);  Acta  Cryst. 
B26 .  1046  (1970). 

67.  L.  Panling,  The  Natnre  of  Chemical  Bonds.'  Cornell  University  Press,  NT 
(1960). 


* 


25 


A 


•  ^  . 


68.  A.I.  Ag ranovskaya,  "Physic* 1-Chenic 1  Investigations  of  tha  Formation  of 
Complex  Ferroe 1 ec t r ic s  with  the  Perovskite  Structure."  Bull.  Acad. 
Sciences  -  Phys.  Series.  1271-1277  (1960). 

69.  J. M.  Longo.  P.M  Baccah  and  J.B.  Goodenough.  *P^2M2°l-x  "  Bu,  Ir.  Re)  - 

Preparation  and  Properties  of  Oxygen  Deficient  Pyrochlore."  Mat.  Res. 
Bull.  ±,  191-202  (1969)  . 

70.  A.V.  Sleight,  "AgPbO^:  Chemical  Characterisation  and  Structural 

Considerations."  Mat.  Res.  Bull.  4,  377-380  (1969). 

71.  0.  Furukawa,  T.  Yamashits.  M.  Harata.  T.  Takahashi.  and  K.  Inagaki, 
"Dielectric  Properties  of  Modified  Lead  Zinc  Niobate  Ceramic,"  J pn.  J.  of 
Appl.  Phys.  l±.  96-99  (1983). 

72.  S.  Nomura  and  H.  Arina,  "Dielectric  and  Piexoe lectrio  Properties  in  the 
Ternary  System  of  Pb^nj/jNbj/jJOj-BafZn^jNbj/jJOj-PbTiOj."  Jpn.  J. 
Appl.  Phys.  U  C3J.  358  (1977). 

73.  L.  Banh  and  S.  Nomura,  "Ferroelectric  and  Piexoeleotric  Properties  of 
*B'>l_yBy(Znj^3Nb2//3)Oj_y^2”^'*x^^TiOj  Solid  Solutions,"  Jpn.  J.  Appl. 
Phys.  U  [6],  1059  (1976)  . 

74.  J.  Belsick,  B.S.  Thesis,  The  Pennsylvania  State  University  (1986). 

75.  B.  Jaffe,  f.R.  Cook,  Jr.  and  H.  Jaffa,  "Piezoelectric  Ceramics,"  pp.  237- 
242.,  Academic  Pres,  NY  (1971). 

76.  M.  Lanagan,  D.  Anderson  and  D.  Moffatt,  (to  be  published). 

77.  G.  Desgardin,  M.  Halmi,  J.M.  Haussonne  and  B.  Raveau,  "Nouveax  Materiaux. 
Dielectrique  A  Box  De  Perovskite  An  Plans  77777"  (to  be  published). 


26 


Figare  1.  Typical  dielectric  b«h»Tior  for  'disordered*  sad  'ordered* 


rolaxors.  The  example  presented  is  for  e  disordered  and  thermally 


annealed  crystals  of  Pb (Sc i/2^*l/2^®3  ^®T) 


Figaro  2.  Carie  temperature  as  a  fane t ion  of  frequency  in  the  binary  system 


Figaro  3 


xPb(Fe1/2Nb1/2)03-<l-x)Pb(Ni1/3,^n>2/3)03ll■,'  . 

A  schenatic  illustration  of  the  aicrostrnctare  in  PMN  certaics^^  . 


Figaro  4.  An  x-ray  fluorescence  aicrograph  of  MgO  (white  regions)  in  PMN 


ceramics 


(46,53) 


Figaro  5.  The  dielectric  constant  k  (1  kHz)  as  a  function  of  teaperatnre  for 


PMN  ceraaics  with  approximately  8%  pyrochlore  (A)  and  pyrochlore 


free  (B)  PMN  prepared  with  excess  PbO 


Figaro  6.  Plot  of  e 1 ec troneg a t i ▼  i ty  difference  ws  tolerance  factor  for 


several  perovskite  compounds. 


Figaro  7.  Variation  of  the  dielectric  constant  k  (1  kHz)  with  temperature  for 


(1-x)  PZN-xBT  compositions. 


wv.-.c-. 


Table  Z.  Kelaxor  Compositional  Families*  for  Capacitors 


Patents  ud  Publication* 

Manufacturer  (Assignee) 

PMN-PT(14) 

PFW”PZ  c?ii 

PMN-PPN' 

pfn-p*t(17) 

+PMN-PT+PbO  based  flax 

IDE,  Ltd. 

++pfw-pfn(18) 

++pfi-pfn-pzn(J9) 

pmm-PNN-PT(20) 

NEC 

(Nippon  Electric  Co.) 

PFN-Ba ,Ca(CuI ) -PF1(21 • 22 } 

pzn-pt-st(23) 

pzn-bt-st(24) 

pmn-pzn-pt(25) 

Toshiba  Co. 

Marcon  Electronic  Co. 

pmn-pfn-pt(26J 

+++pmn-pfn-pt(27) 

STL 

(Standard  Telephone  Lab.) 

pmn-pzn-pfn(28) 

PMN-PFt-PT(2?i 

PNH-PFN-PF1U0*31, 

Matushita  Co. 

+pkv-pt-st(32) 

E.I.  DuPont  de  Nenours 

++pmn-pfn-pg«(33) 

Union  Carbide  Co. 

'‘'Commercially  available  powder. 

++Multilayer  capacitors. 

+",’+Compolsit ion  licensed  to  Transelco  Co. 

^Composition  Designations: 


PKN-Pb(Mg1/3Nb2/3)03,  PT-PbTi03 
PFl-Pb (F«2/3Nb^/3)03  t  PFN-Pb (Fe 
PMT-Pb(Mg1/3Ta1/3)03,  PZN-Pb (Za 
PNN-Pb(Ni1/3Nb2/3)03,  Ba,Ca(CuI 
PMW-Pb(ll|2/3W1/3)03.  PW-Pb»04. 
PbGe-lead  g  emanate  flax. 


.  PZ-PbZr03. 

l/2^)bl/2>03» 

l/3Nb2/3)03 ' 

)  ~Ba,  C»(C8^2fj^j)03 

ST-SrTi03 . 


Table  II.  Influence  of  Ceramic  Processing  oa 


Perovakite  Formation. 


I 


Proc  ea •/ Convent ional 

Parametei 
A  ->  B 

r  % 

Perovakite  PMN* 

A  ->  B 

Coament 

Ball  Milling /Mix lag 

MgO  ->  MgC03 

Water  ->  Acetone 

42%  ->  81%j43) 

51%  ->  81%(43> 

Improved  Reactivity 
and  Diaperaability 

Calc  iaation 

#  Cyclea 
800* C  -> 
Air  Oj 

1  va  3 
1000‘C 

60%  ->  90%{43) 

68%  ->  76%(38) 

77%  ->  85%(43) 

Help  Prevent  Anion 
Deficient  Pyrochlore 
Formation 

Sintering  Heating  Rata  -  49%  ->  77%(43)  - 

770*C/min  va. 

5*C/min 

1050*C/6  hra  va.  81%  ->  60%(43)  PbO  Loaa 
1050*C/24  hra 

Open  Crucibla  va  33%  -  80%^ 34 )  PbO  Sonrca 

Cloned  Crucibla 
1100*C/20  hra. 

Sol-Cel  Proceaaing^43*  Calcine  700-  -90%  Improved  Reactivity 

800* C/1  hr. 


'Relative  Amount  of  Perovakite  Phaaa  Determined  from  X-Ray  Diffraction: 


%  Perovakite  » 


1 (110)  Par0T 
IPerov+I(222)pyrochlor* 


Table  III.  Effect  of  ‘Non-Stoichiometry*  oa  tbe  Dielectric 
Properties  of  PUN  Cereaics. 


Parameter 


Effect 


Coaaeat 


PbO  Deficiency 


Reduction  ia  k' 


Proaotes  foraetion  of 
Pyrochlore  sad  poor 
deasif icstioa 


MgO  Deficiency 


PbO  Excess 


MgO  Excess 


Seduction  ia  kl3J' 

Seductioa  of  k^l.57) 
Insulation  Resistance 
(IR)  Degraded552'52' 
•Enhanced  k  and  IR(52' 54.55) 

Increase  in  Aging55^ 


Increase  in  k55®'5^ 


Proaotes  pyrochlore 

Excess  PbO  in  grsin 
boundary 

Proaotes  deasif ication 
and  peroTskite  phase 
(•Excess  PbO  aust  be 
driven  off  through 
▼olatilixation) 

Proaotes  grain  growth 
and  eliainstioa  of 
pyrochlore  phase 


Ttbl#  IV.  Ftbricatioa  of  PMN  tad  Vtrioot  Etltxor  Using 
Coloabit#  (Volfrtait#)  Prtcarsor  Mtthod. 


CoaTtaciootl /Co loab it#  (Volfrtait#) 

%  P#rovskite  Pbts# 

Convent  ion# 1/Coloab it#  (Volfrtait#) 

3PbO>MgO+Nb205/ 3PbO+Mf Nb 20g 

70%  -> 

100%<38.33> 

3PbO+MfO+Tt205/3PbO+MgTt206 

60%  -> 

100%<53) 

3PbO+N iO +Nb203 / 3 PbO+NiNb 20g 

80%  -> 

100%(59) 

3Pb0+Sc203+Ta20j/3PbO+ScTt04 

60%  -> 

100%(53) 

SPbO^Iii^Oj^Nb^j/  3Pb(HIuNbO^ 

(Excess  I&2O3) 

20%  -> 
-95% 

70%<“> 

’  »  "  ■  "  .  *  .  •  4  “  . 

,*  '  ,/  ■•  .  *  -  *>  .  • 


AttA*tAt*  ftt'i  A/ kA^AA aAA^  *Xa  ■“. "■  aAVa  ■».  A  m  a\ 


Aa.* 


/.  ^ 
A^f, 


**•>*! 
«A.Vn 


tv* 


Tab  Is  V.  ElactronagatiYity/Tolsranca  Factors  of 
sad  Stabilised  PZN  P*ror*kite*. 


Composition 

AX 

t 

PZN 

1.8 

0.984 

0.94  PZN-0.6BT 

1.83 

0.988 

0.9P2N-0.1BZN 

1 .845 

0.988 

Pbl-7t7(Z“l/3Nb2/3)03-y/2 

(y-0.17 

1.849 

0.988 

0 . 9PZN-0 . 1 ST 

1 .845 

0.9845 

0.70PZN-0.30PT 

1.815 

0.995 

0.45PZN-0.55PZ 

1.855 

0.973 

2.25PZN-0.75PMN 

1.850 

0.988 

TEMPERATURE  (°C) 


TEMPERATURE  (#C) 


GROWTH  AND  DIELECTRIC  PROPERTIES  OF  LEAD  BARIUM  NIOBATE  SINGLE  CRYSTALS 
AND  MORPHOTROPIC  PHASE  BOUNDARY 


M.  Adachi*.  S.G.  Sankar,  A.S.  Bhalla,  Z.P.  Chang  and  L.E.  Cross 
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The  Pennsylvania  Sate  University 
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Abstract 

Single  crystals  of  lead  barium  donate  (PBN) 
belonging  to  the  tetragonal  tungsten  bronze 
structures  possess  aany  desirable  properties  for 
potential  applications  in  e  1  e c t r o - o p t  i  c  . 
piezoelectric  and  pyroelectric  devices.  In  the 
solid  solution  PbNbjOj-BaNb jO ^ ,  substitution  of 
bariua  for  lead  first  decreases  the  orthorhoabic 
distortion  and  later  stabilizes  the  tetrsgonal 
structure.  A  aorpho tropic  phase  boundary  exists  at 
about  PbQ  ^Buq  .Nb^Og*  Current  understanding  bated 
on  phenoaeno logical  calculations  on  related 
aaterials  indicate  that  electro-optic  and 
dielectric  properties  of  PBN  should  exhibit 
considerable  enhanceaent  near  the  aorphotropic 
phase  boundary  and  that  they  should  be  largely 
teaperature-independent  over  a  reasonably  large 
range  of  teaperature.  As  a  result  of  this 
aotivation.  we  have  groan  single  crystals  of 
Pb^  BagNbjOg  eaploying  Czochralski  technique. 
Results  of  dielectric  constant  of  two  coapositions 
in  the  orthorhoabic  structure  with  x  »  0.37  and 
0.40  and  one  coaposition  in  the  tetragonal 
atructure  with  x  ■  0.63  are  reported  in  this  paper. 
These  results  largely  confira  the  predictions  asde 
by  the  phenoaMno log ica l  theraodynaaic  theory. 


1.  Introduction 

Aanng  the  various  ferroelectric  aaterials.  a 
nuaber  of  uiobates  having  tetragonal  or  related 
orthorhoabic  tungsten-bronze  structure  have 
attracted  a  great  deal  of  attention  due  to  their 
potential  applications  in  electro-optic,  nonlinear 
optic,  bulk  wave  and  surface  acoustic  wave  devices 

[1] .  The  tungaten-bronze  aaterials  with  over  130 
individual  end  aeaber  coapositions  and  with 
nuaerous  possible  solid  solutions  offer  one  of  the 
aost  versatile,  extensive  and  potentially  useful 
faailies  of  oxygen  octahedra  based  fe  rroe  1  ae  t  rie  s 

[2]  . 

One  of  the  tungsten-bronze  f e r roe  1 e c t r  ic s, 
PbNbjOg  was  discovered  by  Goodaan  in  1933  (3], 
After  this  discovery,  a  great  deal  of  effort  on 
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related  aaterials  took  place.  Device  applications 
in  quantum  electronics,  ultrasonics  and  related 
fields  were  explored.  In  the  solid  solution 
PbNbjOg-BaNbjOj  system,  the  substitution  of  Ba  for 
Pb  first  decreases  the  orthorhoabic  distortion  and 
then  stabilizes  a  tetragonal  structure  with 
compositions  up  to  PbQ  2B»0  8Nb2°6-  A  morphotropic 
phase  boundary  exists  near  the  composition 
^0.6®l0  4^2®6  l*J.  Properties  of  single  crystals 
with  compositions  close  to  the  boundary  are  of 
major  importance  froa  fnndamental  as  well  as 
technological  viewpoints.  Considerable  effort  has 
been  devoted  in  this  Laboratory  to  elucidate  the 
behavior  of  aaterials  near  the  aorphotropic  phase 
boundary  eaploying  phenoaenologica  1  thermodynamic 
calculations  [3,61.  This  paper  describes  the 
growth  conditions  of  single  crystals  of 
Pb^jBa^NbjOg  with  x  -  0.3 7,  0.40  (orthorhoabic) 
and  with  x  -  0.63  (tetragonal).  The  first  two 
coapositions  are  in  the  vicinity  of  the 
aorphotropic  phase  boundary  and  the  third 
cosaposition  is  far  away  froa  the  boundary  (see  Fig. 
1)  . 


Mala  Z  Bor  mm 

Figure  1.  Phase  diagram  of  Pbj.j.BajNbjOj  •  Tb« 
smooth  line  is  based  on  work  using 
ceramic  samples  (Ref.  3).  The 
'  ssterisks  are  based  on  single  crystals 

(Ref.  8,9).  Filled  diamonds  are  from 
present  work. 

2.  Ezperiaental 

Single  crystals  of  Pb i-^BajNbjO ^  were  grown  by 
the  Czochralski  technique  from  melts  using 
CRYSTALOX  MCGS3  crystal  growth  systea  containing  a 
sealed  enclosure.  The  starting  coapositions  are 
specified  here  by  the  value  of  x  in  formula 


II  O 


Pb j_1B«INbjO The  attempted  value*  for  s  In  this 
•  tody  are  0.37,  0.40  and  0.63.  The  raw  aateriala 
were  Specpure  grade  PbO ,  BaCOj  and  NbjOj  obtained 
from  Johnson-Ma t they,  Ino.  Theae  oxidea  were 
weighed,  aixed  well  in  the  appropriate 
stoichiometry  and  btll~ailled  together  with  ethanol 
for  abont  12  to  24  h  in  a  aaa  1  1  polyethylene 
container.  The  reanlting  alnrry  waa  air  dried  and 
then  fired  in  an  aluaina  crucible  at  1050*C  for  3 
h.  The  fired  product  waa  cruahed  in  a  aortar  and 
peatle.  An  exceaa  of  10  wt4  PbO  waa  added  into  the 
above  crnahed  powder  to  compensate  for  loaaea  due 
to  volatil ixation  daring  the  cryatal  growth.  Theae 
powdera  were  re—  mixed,  dried  and  fired  at  750*C  for 
10  h.  Thla  procedure  waa  adopted  to  enaura  that 
lead  waa  in  a  fatly  oxidixed  itate  before  being 
placed  in  the  platinna  crucible.  The  aixture  waa 
loaded  in  the  platinua  crucible  and  aelted  by  rf- 
heating.  The  crucible  waa  40  aa  in  both  dianeter 
and  height,  and  waa  aupported  in  an  aluaina 
crucible.  A  platinua  after-beater  waa  employed  to 
reduce  vertical  and  radial  thermal  gradient*  above 
the  Belt  aurface  and  to  ainiaixe  heat  loaaea  froa 
the  crucible.  Aa  aeed  aateriala.  both  Pt  wires  and 
PBN  cryatala  were  uaed  [7,8],  The  pulling  axis  waa 
choaen  parallel  to  the  a-axia  in  order  to  ainiBixe 
cracking  taking  place  during  the  growth.  The 
growth  rates  were  -2  aa/ hr  with  a  rotation  of  10-13 
rpa.  All  growth  experiments  were  carried  out  in  aa 
O2  pressure  of  aronnd  24  psi  to  reduce 
vo  1  at i 1 ixa t ion  of  PbO.  The  grown  crystals  were 
annealed  in-aitu  by  prograaaing  the  over  a  48  hour 
period. 

X-ray  diffraction  aeaanraaents  were  performed 
by  aaans  of  a  diffractometer  using  Ni  filtered  CuXu 
radiation.  Lattice  constants  a.  b.  and  c  were 
calculated  aaiag  reflection  peaks  in  the  20  -  20  to 
60*  range. 

The  dielectric  constants  a  (c]_)  and  a  (c //) 
were  measured  at  10.  100,  1,000  and  10,000  kBx 

using  HP  4273A  frequency  LCR  aeter  under  full 
prograa  control  froa  rooa  teaperature  to  400*C. 

3.  Results  and  Discussion 

Transparent  and  pale-yellow  single  crystals  of 
PBN  have  been  obtained  in  this  study.  In  spite  of 
a  nuaber  of  attempts,  it  was  not  possible  to  grow 
reasonably  large  and  crack-free  crystals.  Crystals 
often  contained  cracks  preauaably  due  to  the 
thermal  strata  unavoidably  generated  when  cooled 
below  the  Curie  teaperature.  However,  several 
single  crystals  of  approximately  10x3x3  aa  sixes 
were  recovered  for  further  characterixat  ion.  The 
easy  direction  of  crystal  growth  was  determined  to 
be  along  <110>. 

Compositions  of  tingle  crystals  grown  in  this 
work  have  been  determined  by  cheaical  analysis. 
X-ray  powder  diffraction  analyses  on  two  crystals 
showed  that  Pbg  jjBag  ^jNbjOg  belonged  to  the 
tetragonal  structure  with  room  temperature  lattice 
constants  a  »  b  •  12.37  and  c  *  3.966  A. 

Similarly,  x-ray  powder  diffraction  analyses  of 
Pb0  jqBsq  40^2^6  *ndic*ted  that  it  belonged  to 
orthorhoaib  ic  structure  with  lattice  constants  a  • 
17.71,  b  -  17.89  and  c  -  3.919  A. 

The  teaperature  dependence  of  dielectric 
constants  s  (cj.)  and  a  It//)  and  lost  (tao  6)  were 
determined  on  unpoled  [001]  and  [1001  or  1 0 1 0  ] 


plates  at  frequencies  10.  100,  1000,  and  10,000 
kHx.  For  p,bo.3  *nd  *  are 

equal  to  and  *J-3'  r*  spec  t  i  v  e  1  y.  On  the 

othe£  hand,  j  ( c / / )  is  *33,  but  a  ( c J.)  is  not  equal 
to  tjj  or  tjj  for  samples  with  the  orthorhombic 
structure  because  they  were  not  poled  in  the 
present  study.  The  teaperature  dependence  of 
dielectric  constants  at  10  kHx  are  shown  in  Figs. 
12)— (4).  Aa  can  be  seen  froa  Fig.  (2).  the 
dielectric  constants  aTj/tg  *nd  *33^*0  4t  ro°* 
teaperature  were  196  and  286,  respectively.  The 
constant  tTj  shows  narked  anoaaly  at  the  transition 
point  of  370*C.  On  the  other  hand,  the  dielectric 
constant  *22  doe*  not  ahow  any  anoaaly  and 
decreases  gradually  with  increasing  teaperature. 
Th/»  teaperature  behavior  and  large  anisotropy  of 
*33  and  **2  i»  typical  of  Boat  tetragonal 
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Figure  2.  Dielectric  constant  (*33  and  ejyl  v*. 
temperature  for  tetragonal 

Pb0.3SB,0.65Nb2°6  ■••»nred  at  a 
frequency  of  10  kHx. 

In  Figs.  3  and  4,  the  constant  a  (cj.)  display 
■L/hed  anomalies  at  transition  points  and  constants 
*33  ahow  vary  little  anomalies  at  the  transition 
temperatures.  In  Figs.  3  and  4,  two  characteristic 
features  nay  bo  noted.  One  i*  that  the  Curio 
temperature  moves  aarkedly  to  higher  teaperature 
and  the  peak  of  dielectric  constant  s  (cl)  broadens 
and  its  value  becoaes  seal  let  with  decreasing  x. 
The  other  feature  is  that  the  Curie  teaperature  of 
235*C  for  Pb(3 ,g®*o  4^2®6  minimum  value  in 

the  PbNb20g-BaNb26 g  system  [4j.  Therefore,  the 
staple  P',o.6®*0.4^')2®6  t,rT  ®lo*e  to  the 
reported  aorphotropic  phase  boundary.  Little 
frequency  dependence  of  the  dielectric  constant* 
waa  observed  in  all  the  samples  investigated  in 
thi*  study  froa  rooa  teaperature  to  their  Curie 
teaperature*. 

It  nay  be  noted  that  according  to 
the rmodynaaic  phenomenological  theory,  the 
dielectric  stiffness  in  the  orthorhombic  form  is 
given  by 

X33  -  I°3o<T-®3 )  +  4ai3Pi 

where  a’s  are  theraodynaaic  constants  and  Pj  is  the 
polarization.  In  compositions  near  the 
morphotropic  phase  boundary  and  at  teaperature* 
jutt  below  when  T  becomes  lest  than  Oj  the 

fir»t  tori  in  the  above  expression  will  be 
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Figaro  3.  Dislsetrie  coaataat  (ijj  and  t|a )  vs. 
t sapors  tore  (or  orthorhoabis 
?bg  jjB«Q  aeaaarod  at  a 

freqasaey'of  10  ifis. 
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Figaro  4.  Dlalaetrls  coaataat  <a?3  aad  aic)  ra. 
tsapsratars  (or  ortborhoabie 

^O.iO^OMO^jOs  ■••»»*•<*  •*  • 
freqaeacy  of  10  kHx. 

negative.  Siaes  Pj  iaersaasa  sort  slowly  than 
liasar  bslov  Oj,  tbs  linearly  iaereasiag  aagaitade 
o(  tbs  (irat  negative  tsra  daatabiliasa  tbs 
po lar  iiat  ion  aad  ijj  bssoasa  very  aaall. 
Coasoqaeat  1  y  tbs  dislsstrls  soaatsat  tjj  bssoasa 
large.  Also  ia  view  o(  tbs  balsacs  o(  positive  aad 
negative  tsraa  tbs  above  expression,  tbs 
tsapsratars  dspsadsaes  o(  tbsas  large  valses  o( 
dislsstrls  soaatsat  aboald  bs  aaallsr  tbaa  ia 
aorasl  (srros 1  so  trios.  Aa  sxaaiastioa  o(  tbs 
tsapsratars  dspsadsaes  o(  tbs  dislsetris  coaataat 
(or  tbs  too  ortborhoabie  soapositioat  (ass  Figs.  3 
aad  4)  rsrsal  tbst  tbs  above  prsdictioaa  baasd  on 
tiapls  pbsaoasao logioa 1  calcalatlona  ars  soaiirasd 
ia  prastics. 

4.  Coaelasioaa 

Siagls  crystals  with  coapoiitioaa 

Pb0.60Bt0.4QNb2°6  1  “  B 

PV  3 jB*0  f jNbjO g  bass  bssa  gross.  Tbs  first  two 
crystals  belong  to  ortborboabic  atractars,  aa2 
•yaastry  aad  tbs  third  coapoaitios  bsloagt  to 
tstragoaal  atractars.  4aa  ayaastry.  Dislsetris 
coaataat  asaaarsasata  ladicats  that  tbs 


ortborboabic  crystals  abos  raaaoaably  largo 
dislsetris  soastaata  sbiab  ars  (airly  tsapsratars 
iadspsadsat  ia  soa(oraity  sitb  tbs  pbsaoasao log  leal 
tbsraodyaaaie  theory.  Farther  sorb  saplorlag  tbs 
los  tsapsratars  behavior  o(  tbsas  crystals  is  ia 
progress . 
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Phosphorus  tad  attain*  doptd  tnglyciae 
ttltattt  (LATGStP)  crystals  hive  beta  grown  with 
ptrtitl  tobititatioa  o(  &2Se04  with  HjP04.  LATGStP 
htt  higher  pyroelectric  cotfficitntt  tad  ditltctnc 
coattaat  than  thou  of  TGSt.  tad  iti  pyroelectric 
figure  of  atrit  (2.2x10"*  C/a2I)  it  niittr  in 
aagaitadt  to  thott  obttintd  on  ATGSP  tad  ATGSAt 
crytttlt.  Single  cryttal  LATGStP  grown  tt  3  5  •  C 
aadtr  optiaaa  eoaditioat  wtrt  erack-frtt  tad 
eolorlttt. 


Tht  triglyciat  talphttt  (TGS)  flatly  of 
ferroelectric  crytttlt  htt  atay  tttrtctiva  ftttartt 
for  t  aaabtr  of  pyrotltotrle  tppl ications.  Vtrioat 
dopaatt  or  tobtt itut ioat  for  tht  (S04)2'  group  hawt 
btta  txttatiwtly  triad  ia  order  to  tahanct  tht 
pyrotlactrie  propart  iat  of  TGS  [1], 

la  tha  TGS  ftaily,  triglyciat  itltnttt  (TGSt) 
htt  rtcaatly  bacoat  of  atjor  inttrttt  nact  its 
vary  high  pyroalactric  coafficiaat  tad  high 
ditlictric  paraittivity  tt  rooa  taaparttara  htvt 
thowa  t  good  coaptt ib  i  1  i  ty  with  toaa  CCD  rttdont 
tchtaai  for  pyroalactric  iaagiag  [2-31. 

Ia  thit  paper  we  rtport  t)  tha  growth  of 
ilaaina  tad  photphorat  substituted  tingle  crytttlt 
of  TGSt  it  about  3  S • C  tad  b)  the  rttalt  of 
ditlactric  tad  pyroalactric  propartiat  nattered  it 
t  function  of  taaparttara.  Tht  coaputad 
pyroalactric  figure  of  aarit  p/C  of  ATGSaP  showed 
ta  iaprovaaant  of  the  p/I  vtlutt  obtained  on  TGSt 
tingle  crytttlt. 

Part  TGSt  crytttlt  trt  vary  difficult  to  grow 
froa  water  solution.  In  tolution  containing  high 
concentration  of  tht  ttltattt,  deconpos i t 10a  leads 
to  precipitation  of  finely  divided  seltaiua  which 
coattaiattta  tha  growing  crystals.  This  problta 
can  be  reduced  by  growing  crystals  ia  t 
rafrigarttad  utter  bath  it  -S*C.  but  controlling 
tha  growth  rata  it  difficult  and  tha  proetdurt  is 
also  incoavtniaat.  Addition  of  alanine  to  solution 
rtisat  tht  viscosity  so  tha  crtck-frtt  crystals  art 
in  general  vary  difficult  to  grow  [4], 

Single  crystals  of  LATGStP  wart  grown  by  slow 
cooling  of  tha  saturated  solution  with  composition 


•  (NHjCH( CHj ) COOB) •  (1- 


In  our  prasaat  ttttnpts,  tingle  crystals  of 
LATGStP  ware  grown  from  bath  at  about  33*C  and 
control  chtnictl ly  tha  daconpo t i t ion  of  LATGSeP 
solutions.  Unfortunately  for  high  subttitution  of 
P04  tha  crytttlt  becaaa  sort  tutctptibla  to 
mechanical  cracking.  Lon  ltwal  subtt itut iont  of 
phoaphataa  ratal  tad  ia  nnclttr  crytttlt  with  poor 
pyrotlactrie  propartiat.  Only  tht  crystals  with 
appropriate  photphorua  content  and  low  growth  rata 
exhibit  excel ltat  pyroalactric  propartiat. 

Tha  diffarancaa  ia  cryttal  growth  habits 
compared  to  thoae  of  pure  TGSt  hawt  beta  observed. 
Tha  *b  facts  of  crystals  wart  prominent  while  a 
facts  wart  el  -gated  than  thoaa  of  pure  TGSt. 

Thin  jtnjlas  ware  cut  and  polished  to  t 
thickness  -0.3  -1m  and  wart  coated  oa  both  tides 
with  sputtered  gold  alactrodaa  4  aa  ia  disaster. 
Pyroalactric  and  ditlactric  properties  wart 
neasured  oa  these  plates  ia  the  teaperature  rings 
froa  -10-40*C.  Pyroelectric  coefficiaatt  ware 
aaaturad  by  Byar-Roundy  technique  [5]  and 
dielectric  aeasnraacntt  were  aide  by  using  the 
multi-frequency  LCR  bridge  (11. 

Figure  1  (a)  (b)  tad  (c)  show  the  plots  of  p 
versus  T,  P  versus  T.  tad  M  (p/I)  versus  T 
behavior  oa  LATGStP  crystals. 
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Figure  1.  Temperature  dependence  of  poltrizetion 
P,  p.  k.  end  p/k  of  LATGSeP  single 
crystals. 


The  best  pyroelectric  figure  of  merit  M  in  the 
case  of  LATGSeP  is  similar  in  magnitude  to  those 
obtained  on  ATGSP  crystals. 


The  Curie  point  it  21.5*C  which  it  1*C  lower 
than  that  of  pure  TGSe.  The  pyroelectric 
coefficient  of  LATGSeP  at  (Tc~  1.5*0  is  about 
15xl03  uC/m^-C  compared  to  the  pure  TGSe  crystal 
value  of  3.5xl03  pC/m2-S. 

Alanine  doped  crystals  of  LATGSeP  showed  no 
sign  of  depoling  after  repeated  heating  through  Tc> 
(about  30*C  above  Te).  Figure  2  shows  the 
hysteresis  loop,  and  internal  bias  of  about  4  kV/cm 
in  LATGSeP  single  crystals. 


Figure  2.  The  hystereaia  loop  of  LATGSeP  tingle 
cryatal. 

The  chemical  analysis  of  the  phosphorns 
content  in  crystals  of  LATGSeP  showed  that  only 
0.02wt%  of  P  was  incorporated  in  the  crystals.  It 
is  evident  that  the  small  content  of  phosphorus  in 
the  tingle  crystals  can  markedly  effect  the 
pyroelectric  and  dielectric  properties  of  TGSe. 
The  results  on  pure  TGSe  and  TGSeP  are  compared  in 


Table  1  summarizes  the  results  of  the 
experiments  and  shows  the  comparison  with  the 
corresponding  values  of  the  TGS  family  (1,4]. 


Table  1.  Pyroelectric  Properties  of  the  TGS  Family  (Optimum  Temperature). 


Material 

K 

P, 

(wC/nz  I) 

P 

(|iC/cm2> 

(•£) 

-5P/t  2 
(10  3  C/m2  1 

TGS 

30 

330 

3.0 

49 

1.1 

DTGS 

19 

270 

62 

1.4 

IGFB 

14-16 

210-140 

73 

1.5 

DTGFB 

11-14 

190-240 

4.3 

75 

1.7 

LTGS 

40 

400 

3.7 

49 

1.0 

MTGS 

40 

360 

4.6 

49 

1.2 

ATGSP  (25*0 

30-32 

630 

3.0 

51 

2.0 

ATGSAs  (25*0 

32 

700 

6.0 

51 

2. 1-2.1 

ADTGSP 

22 

460 

5.3 

60 

2.1 

ADTGSAs 

23 

300 

6.2 

62 

2.2 

LATGSeP  (-6*0 

31-41 

400 

5-7 

21.5 

1.3 

(20*0 

900 

104 

2  -  2.2 

K2 
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T»bl«  2.  Thar*  i*  *  aigaifieaat  iaproaaaaat  im  th* 
figar*  of  aarlt  (p/C)  of  TGS«P  orir  that  of  par* 
IQS*. 


Ttbl*  2.  Soa*  Prop«rti«*  of  TGS,  TGS*  and  LATGSaP  Cryatala. 


TGS 

TGS* 

LATGSaP 

T0  CC) 

49.3*C 

22.3 

-21.5 

'-a* 

7.3*10* 
(1.6  kHz) 

4.6*10* 

(1.6  kBa) 

2.0-3.7I103 
(1.0  kl«) 

C 

38 

(21*0 

420  36 

(21*0  (-6*0 

412-  31-43 

922 

(20»C)  (-6*0 

p  (C/«2-C) 

3.3*10”* 

42*10”*  2.1*10”* 

130*10”*  3*10”* 

M  -  a/C 

<C/«2-C) 

11*10"* 

10*10"*  3.8*10”* 

19.7-21.9  8-13 

*10”‘  *10”* 

P,  (pC/ea2) 

3.2 

-4 

-6 

Thar*  1*  ao  aigaifieaat  ehaag*  la  th*  T(  of 
TBS*  a*  a  raault  of  phoaphoraa  doplag  bat  th*  t*1b* 
of  P,  of  TGSeP  aiagl*  oryatala  ahovad  aa  iaoraaa* 
of  about  30%  OT*r  that  of  par*  TGS*.  Siaitlar 
raaulta  bar*  baaa  obaaraed  la  th*  *aa*  of  TGS  aad 
TGSP.  Thl*  laeraaa*  aa  r*port*d  «arll*r.  coaid  b* 
da*  to  th*  t*ap*ratar*  d*p*ad*ae*  of  0,  y,...  aad 
eaa  b*  azplalaad  by  th*  laclaaloa  of  th*  higher 
ord*  t  t*raa  la  th*  0**oaahir*  faaetloa  for 
daaerlblag  th*  *a*rgy  faaetloa  for  thl*  faally. 

V*  alah  to  thaah  Mr.  S.  Goag  for  ehcaleal 
aaalyai*. 
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Aostracc 

Single  crystals  of  0.9  Po  ( Zr.  t  .  3  N  0 ,  3  >  G,  - 
O.lPoTiOj  were  grown  using  tne  flux  cec.-iod.  Tne 
dielectric  property  a.ong  tne  pseudoc-cic  [111!  ar.o 
[100!  aireotions  was  measured  as  a  f -.notion  of 
temperature  ana  frequency.  The  effects  of  po . mg 
ana  DC  oias  field  were  investigated.  Tne 
pyroelectric  property  along  tnese  two  lirecfions 
was  also  measured. 

1.  Introduction 

The  Po<Zn1/3Nb2/3)03~PbTl03  (PZN-PT)  system  is 
xnown  to  nave  a  near  morpnotropic  pnase  soundary 
Between  tne  tetragonal  and  rnomoonearal  pnase  in 
tne  range  of  9  to  9.J  mole*  PbTiOj.  Crystals  witn 
more  tnan  9.5*  PbT103  show  tetragonal  symmetry, 
wnile  tnose  witn  less  tnan  9*  PoT103  snow 
rnomoonearal  symmetry  [II.  Crystals  witn  9*  PBT103 
were  found  to  nave  very  large  dielectric  and 
piezoelectric  constants  [21. 

In  this  paper  tne  growtn  and  cnaracterizatlon 
or  crystals  with  starting  compositions  0.9PZN-O.IPT 
are  discussed.  The  dielectric  and  pyroelectric 
properties  along  tne  pseudocuolc  [1111  and  [100] 
directions  and  tne  effects  of  po.ing  and  DC  bias 
field  on  tne  dielectric  oenavior  are  also 
investigated . 

2.  Crystal  Growth 

Single  crystals  of  0. 9 Pb  (  Zn  l ,  3N 0 2 , 3 ) Oj- 
0.1PbTl03  (P2N0.1PT)  were  grown  from  molten  PbO 
flux  py  slow  cooling.  Starting  materials  were  PbO, 
ZnO.  Nb20j  and  T132  i.n  stolcniomotric  proportion. 
A  compound  to  flux  ratio  of  1:2  in  mole  was  used. 
The  charge  was  placed  In  a  platinum  crucible  and 
neated  to  1230*C.  After  a  soaxlng  period  of  5  nrs, 
tne  cnarge  was  slowly  cooled  at  a  rate  of  3-5 *C/r.r 
to  900*0  and  then  to  room  temperature  in  24  nrs. 
The  PbO  flux  was  removed  oy  dissolving  in  hot 
acetic  acid. 

Tne  crystals  obtained  are  mostly  in  the  form 
of  an  arrownead  or  irregular  in  snape  witn  a  linear 
dimension  of  1  to  3  mm,  and  nave  brown  color.  Some 
smaller  crystals  also  snow  rectangular  faces  and 
nave  llgncer  color.  3acx  reflection  Laue  teennique 
reveals  tnat  tne  pseudocuolc  (111!  direction  is 
along  tne  direction  of  the  arrowhead  and  tne  110G) 
direction  is  normal  to  tne  rectangular  face.  X-ray 


powder  diffraction  patterns  do  not  index  as  a 
single  pnase.  Imposing  a  rnomoonecrai  symmetry 
results  in  tne  parameters  a  ■  4.0SoX  and  a  *  80*54’ 
union  account  for  certain  lines,  wnereas  Imposing  a 
tetragonal  symmetry  results  in  a  *  4.0281.  c  * 
4.084a  wmcn  account  for  tne  rest  of  tne  lines. 
Tnese  values  agree  very  well  witn  the  values  for 
tne  two  phases  as  snown  in  Fig.  1  in  Reference  [11. 
indicating  tnat  both  tne  rnomoohedral  and 
tetragonal  pnases  coexist.  In  tne  above  analysis, 
a  computer  program  using  Appleman's  least-squares 
method  for  cell  refinement  [3]  was  used. 

Composition  analyses  oy  electron  mlcroprooe 
were  performed  on  arrownead -shaped  and  rectangular 
samples  from  two  growtn  trials.  The  composition 
for  eacn  sample  was  obtained  from  averaging  the 
values  at  five  locations,  tne  two  arrownead-shaped 
samples  have  0.113  and  0.117  parts  of  Ti  In  the 
oxide  form  while  the  two  rectangular  ones  have 
0.117  and  0.129  parts.  The  overall  average  of  Tl 
is  found  to  be  119  parts  wnereas  Zn  is  less  than 
tne  proport.on  in  tne  starting  formula 
PbZn_3Nb  ST1  3C3.  Loss  of  ZnO  through  evaporation 
too*’  place  idurcng  growtn  due  to  the  higher  Initial 
temperature . 

3.  Dielectric  Properties 

Samples  in  platelet  form  with  the  major  face 
normal  to  tne  pseudocuolc  [111]  or  [100]  direction 
were  prepared.  3acx  reflection  Laue  metnod  was 
used  in  orienting  samples.  The  dielectric  constant 
X  and  loss  along  tne  pseudocubic  [111]  and  [100] 
directions  were  measured  as  a  function  of 
temperature  at  four  frequencies:  0.1,  1,  10  and 
100  KHz  and  for  unpoled  and  poled  states.  Poling 
was  effected  oy  cooling  tne  sample  from  200»c  to 
0“C  under  a  DC  field  of  10  KV/cm.  Figs.  1  and  2 
snow  tne  dielectric  constant  and  loss  as  a  function 
of  temperature  for  unpoled  samples  in  tne  [111]  and 
[100]  directions,  respectively.  They  snow  tne 
oenavior  of  a  relaxor  type  ferroelectric.  Near 
room  temperature  tnere  is  a  diffused  transition 
from  tne  rnomoohedral  to  tetragonal  pnase,  and  at 
1 75 ’C  a  transition  from  tne  tetragonal  to  cubic 
phase  with  increasing  temperature. 

Figs.  3  and  4  show  tne  effect  of  poling. 
Poling  along  tne  [111!  and  [100]  directions  has  a 
very  different  effect  on  the  K  vs  T  curves.  When 
poled  along  [111],  K  rises  sharply  at  tne 
rnomoohedral  to  tetragonal  (R-T)  pnase  transition, 
reaching  a  value  of  12.000  slightly  above  tne 
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transition.  For  tne  diffused  R-7  transition  in  :ne 
unpoled  state,  if  one  defines  a  transition 
teaperature  TH_T  oy  tne  intersection  of  tne 
tangents  on  ootn  sides  of  tne  transition,  it  13 
seen  tnat  poling  sniffs  TR_^  from  23“  to  47.3“C. 
When  poled  along  1100),  K  is  reduced  oy  a  factor  of 
4  In  the  teaperature  range  Between  20  and  140" C  ir. 
whlcn  tne  tetragonal  phase  is  staDle  in  tne  unpolec 
state  and  Ts_^.  is  shifted  from  13“  to  -16“C  as 
snown  in  tne  inset  of  Fig.  4.  There  i3  no  s.narp 
change  of  K  at  TR_T. 


Figure  1.  Dielectric  constant  and  *C3S  m  Ull) 
direction. 
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Figure  2.  Dielectric  constant  and  loss  in  (100) 
direction. 
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Figure  3.  Effect  of  poling  In  (111)  direction. 
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Figure  4.  Effect  of  poling  In  (100)  direction. 


Figs.  5  and  6  snow  tne  effect  of  DC  Bias 
field  on  poled  samples.  For  [111]  samples.  Bias 
field  shifts  T g  -  and  T^._q  toward  mgner 
temperatures.  For  (100)  samples.  Bias  field  sniffs 
Tt_c  toward  higher  teaperature  out  sniffs  Ts_.- 
toward  lower  temperature.  The  rates  of  sniftir.g 
are  snown  in  Taole  1. 
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Figure  5.  EfTect  of  DC  bias  rield  in  (111) 
direction. 
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Figure  6.  Effect  of  DC  Bias  field  in  (100) 
direction.  1.  Bias  -  0,  2.  5.3 
<V/cm.  3.  10.5  <V/ca. 


Taole  1.  Rate  of  Shlftirg  (in  units  of  “C  cm/nV)  . 
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Since  cne  polarization  in  t.ne  rnomoonedral 
pnaae  la  along  [1111.  ana  in  tne  tetragonal  phase 
along  (1001,  poling  and  DC  Bias  field  in  tne  [llll 
or  1100]  direction  tend  to  extend  tne  temperature 
range  for  tne  rhomBohedral  or  tetragonal  phase 
respectively.  Large  cnange  in  dielectric  constant 
K//U111  due  to  tne  shifting  of  TR_T  By  DC  Bias 
field  aa  in  tne  temperature  range  between  50  and 
6  5  •  C  in  Fig.  5  nas  potential  applications 
especially  if  the  transition  temperature  can  oe 
lowered  to  room  temperature  eitner  By  some  dopants 
or  change  in  composition. 

4 .  Pyroelectric  Properties 

Prior  to  the  pyroelectric  measurements,  tne 
samples  were  poled  By  cooling  from  220  to  -50"C 
under  a  DC  field  of  10  xV/cm.  The  pyroelectric 
current  was  measured  during  nesting  to  allow  for 
the  calculation  of  the  pyroelectric  coefficient  and 
polarization.  The  results  are  snown  m  ?ig3.  7  and 
8.  In  tne  [111]  samples,  pyroelectric  coefficient 
peaxs  appear  at  ootn  tne  R-T  and  T-C  transition, 
the  polarization  also  shows  corresponding  sharp 
changes.  In  the  [100]  sample,  there  is  only  a  peax 
at  tne  T-C  transition,  no  peax  appears  at  tne  S-T 
transition  and  tne  polarization  curve  at  tne 
corresponding  temperature  does  not  snow  any  sharp 
change. 
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Figure  7.  Pyroelectric  property  in  [111] 
direction. 
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Figure  8.  Pyroelectric  property  in  [100] 
direction. 


1.  PZN10*PT  13  a  relaxor  type  ferroe.  eci.-ic. 
Hear  room  temperature  it  nas  a  very  large 
dielectric  constant  (K  -  8000)  But  a  sma.i 
temperature  coefficient. 

2.  Poling  along  tne  [111]  and  (100) 
directions  has  a  very  different  effect  on  tne 
dielectric  Behavior.  Poling  along  cne  [111] 
direction  introduces  a  sharp  rise  of  K  at  TR_-, 
witn  increasing  temperature,  from  8.000  to  12,odo 
and  results  in  a  very  flat  portion  of  tne  K  vs  T 
curve  in  the  temperature  range  Between  50  to  150»C. 
Poling  in  tne  (100)  direction,  on  the  contrary, 
reduces  K  By  almost  a  factor  of  4  in  tee 
temperature  range  Between  20  and  140*C  in  wnich  tne 
tetragonal  phase  is  stable.  Mo  snarp  cnange  in  K 
appears  at  tne  R-T  transition. 

3.  Both  the  [111]  and  [100]  DC  Bias  field 
snift  tne  dielectric  constant  peaxs  at  the  T-C 
transition  toward  Higher  temperature  and  reduces 
tne  dielectric  constant.  However,  at  the  R-T 
transition,  the  [111]  DC  Bias  field  shifts  it 
toward  higher  temperature,  while  tne  [100]  field 
shifts  it  toward  lower  temperature.  Hence,  tne 
[111]  or  [100]  DC  bias  field  extends,  respectively, 
tne  temperature  range  in  which  the  rhomcohedral  or 
tetragonal  phase  is  stable. 

4.  Pyroelectric  coefficient  in  the  [111] 
direction  nas  peaks  at  both  the  R-T  and  T-C 
transitions,  whereas  in  the  [100]  direction  there 
is  no  peax  at  the  R-T  transition. 
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Abatraet 

la  thaaa  atadiaa,  cryataliiaa  (i  In  of 
Bi^TijO^j  **ra  deposited  by  BF  spattariaf  ia 
ar|oa:oxy|an  gat  using  baatad  aabatratta.  Using  a 
gaa  praaaara  of  20  atorr,  praiiaiaary  atpariaaata 
ladioatad  biaaacb  lota  froa  tba  filaa  tad  tbit  via 
soapaaaatad  by  enriching  tba  biaaatb  coataat  ia  tba 
target. 

To  aehiava  high  dialaotrie  eoattaat  tad  to* 
lota  eoaparabla  to  aiagla  cryatal  valuta,  a 
aabatrata  taaparatara  of  4S0*C  vat  required.  For 
thaaa  eoaditioaa.  piahola-fraa  filaa  with 
paraittivity  ig  >  200  aad  taa  6  <  2*  coaid  ba 
obtaiaad  quite  raprodaeibly  aaggaatiag  tba 
potaatial  oat  of  tbit  aatarial  ia  tbia  filo 
capaeitora. 


i. 

Biaaatb-t ltaaata  <Bi4Ti,0,2)  ia  tba  oaa  aaabar 
of  tba  larga  faaily  of  biaaatb  oiidt  layar 
atractara  farroalaetriea  which  aibibita  awltcbabla 
apoataaaoaa  alactric  polarixatioa  aloag  ail  tbraa 
axial  diraetioaa.  Tba  high  Carla  taaparatara  of 
67S*C  aad  tba  alca-lika  aorphology  of  tba  ahaat 
atractara  aaggaat  tba  potaatial  ly  at  a  atabla  tbia 
fila  dlalactrie  with  high  diaiactrlc  atraogtk. 
Caaaiaa  aad  Croat  [1.21  abowad  that  Bi^TtjOjj  ia 
tba  farroalaetrie  pbaaa.  balow  675*C,  baloaga  to  a 
aoaocliale  ayaaatry.  poiat  group  a.  Tba 
apoataaaoaa  polarixatioa  llaa  ia  tba  aoaocliaic  a-c 
plaaa  at  aagla  of  approx iaa ta  1  y  4.3  dagraaa  with 
tba  aajor  crystal  surface  raaaltiag  a  aajor 
coapoaaat  of  30  |iC/ca2  aloag  tba  a-axia  aad  a  alaor 
coapoaaat  of  4  pC/ca2  aloag  tba  c-axit.  Kavanal 
of  c-axla  polarixatioa  coapoaaat  rotataa  optical 
ladicatrix  through  aa  aagla  of  42*  producing  a 
larga  cbaaga  ia  tba  axtlactioo  aagla.  Thaaa 
propartiaa  laad  to  varioat  iatartttiag  electro- 
optio  propartiaa  aaafal  ia  optical  aaaory  (31  or 
diaplay  applicatioaa  [4], 


Several  attaapta  [3-10]  have  baaa  aad a  to 
prepare  stoichioaetric  BigTi.O^  filaa  ia  order  to 
dap  1  ieata  ita  aiagla  cryatal  propartiaa.  Varioat 
praparatioa  techniques,  Including  IF  apattariag, 
wart  uaad  for  tba  B^TijOj,  tbia  fila  praparatioa. 
Ia  tbia  paper  aa  report  tba  praparatioa  of  tbia 
filaa  of  Bi4Ti}012  aad  tbair  dialaotrie  propartiaa. 


2.  Praparatioa 

Bi4Tij0j,  tbia  filaa  ware  prepared  by  IF 
apattariag  technique.  It  baa  baaa  reported  la  tba 
literature  [61  that  tba  para  Bl4TijO,2  target 
raaalta  ia  non-stoiebioaetrio  filaa  aad  filaa  froa 
varioat  target  with  axcata  Bi  a bow  that  ia  gaaaral 
for  each  target  there  ia  a  teaperatare  range  over 
which  pare  Bi4TijO|2  oaa  be  obtained.  Ia  tbia 
ttady  Bi4Tij012  filaa  were  prepared  axing  e  caraaie 
O.SBigTijOjj  *  0.2Bi22TiO«p  target  ia  different 
plaaaa  gaa  ataoapherea.  Filaa  were  depoeited  on 
varioat  tabitratet.  aaeh  at.  plain  glaax  alidea. 
SaOj  coated  gleet  alidea.  An-coated  glaae  alidea. 
Pt-eoatad  glaaa  tilde*,  aad  Si-wafer*. 

Bi4Tij022  thin  fila*  were  first  deposited  on 
Unbelted  aabatrata*.  As-grown  fila*.  irrespective 
of  the  preparation  conditions,  in  general  are 
aaorpboas  ia  aatare.  Figure  1  shows  tbs 
■  1 c ros t rue  tore  of  an  as-grown  fila.  Post 
dspositioa  aaaealiag  of  these  fila*  result  in 
cracking  of  the  fila  at  shown  la  Figure  2. 
Several  sets  of  filaa  were  then  depoeited  on  heated 
substrate*.  Varioat  aabatrata  taaparatara*  vert 
used  for  deposition  as  listed  ia  Table  1.  Flint 
are  continuous  and  free  froa  cracks. 


Figure  1.  Mic rottractare  of  x  Bi4Tij022  thin  fila 
deposited  on  uabeated  substrate*. 
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Figure  2.  Nicroitructnre  of  an  annealed  Bi^TijOjj 
thin  fila  dapoaitad  on  unhaatad 
tobatrata. 


Tabla  1.  Dapoaition  Condi tiona  for  tha  Bi4Ttj012 
Filaa  anda  by  RF  Spattaring  on  Hantad 
Sabatrataa. 

RF  Pover  Gaa  Praaanra  Sabatrnta 

(aatta)  02  Ar  Taaparatnra 

(atorr)  (atorr)  <»C) 


100/12 

10 

10 

$6 

100/11 

10 

10 

124 

100/11 

10 

10 

240 

100/11 

10 

10 

323 

100/12 

10 

10 

336 

100/12 

10 

10 

414 

100/12 

10 

10 

461 

100/12 

10 

10 

303 

100/10 

10 

10 

552 

A  eoapotar  oontrollad  RP4274A  LCR  aetar  waa 
naad  for  tba  aaaasraaanta  of  dialactric  eonatanta 
and  diaaipation  factora.  Tha  filaa  dapoaitad  on 
Sn02  eoatad  aubatrataa  vara  aaed  for  tha  alactrical 
aaaaaraaanta.  A  apnttarad  An  coantar  alaetroda  vaa 
dapoaitad  on  anob  filaa.  Figora  3  ahova  tha 
ganaral  lov  dialactric  conatant  and  high 
diaaipation  factor  of  Bi^TijOj,  thin  filaa  grovn  on 
onhaatad  aobatrata.  Thia  behavior  coaid  ba  tha 
raanlt  of  thair  aaorphoaa  oatora  and  probable 
departure  froa  atoichioaetry. 

Figure  4  ahova  tha  affect  of  aubstrata 
taaparatnra  on  tha  dialactric  properties. 
Dialactric  conatant  gradually  increaaes  vith 
aubatrata  taaparatnra  and  at  certain  tona  of 
aubatrate  taaparatnra  dialactric  conatant  of  the 
Bi4Tij022  thin  filaa  ia  aa  high  aa  that  of  ita 
aingla  cryatal  fora.  Diaaipation  factor,  at  ahovn 
in  Figora  3,  at  firat  incraaaat  but  than  gradually 
decreaaaa  vith  tha  inoraaaa  of  aubatrata 
taaparatnra,  thia  could  ba  due  to  tha  foraation  of 
intcraediate  aataatabla  pbaaea.  After  about  400*C 
of  aubatrata  taaparatnra.  diaaipation  factor  doaa 
not  vary  auch  and  haa  a  valua  lata  than  2%.  Figure 
6  ahova  tha  dialactric  conatant  and  loaa  va. 
taaparatnra,  at  different  frequenciee,  of  a 
Bi4Ti30i2  thin  fila  prepared  ia  tha  aubatrata 
taaparatnra  tone  Mentioned  above.  A  coapariaon  of 
dialactric  valuaa  of  Bl^TijO.j  thin  filaa  vith  ita 
aingla  cryatal  fora  ahov  that  valuaa  are  quite 
coaparable. 
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Figure  3.  Taaparatnra  dependence  of  dialactric 
conatant  and  diaaipation  factor  of 
BijTijO^  thin  fila  dapoaitad  on 
unhaatad  tobatrata. 
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Abstract 

Sonochemistry,  or  the  enhancement  of  chemical  reactivity 
via  ultrasound,  is  gaining  interest  for  chemical  processing.  This 
technique  takes  advantage  of  acoustic  cavitation  stimulated  in 
the  liquid.  The  purpose  of  this  study  is  to  explore  testing 
techniques  using  simple  transducers  for  continuous  sonication 
systems. 

Two  tests  for  characterization  were  examined:  acoustic 
noise  measurement  and  I3'  production  in  a  sonicated  solution  of 
Nal.  These  tests  were  used  to  evaluate  lead  zirconate  titanate 
(PZT)  ring  transducers  poled  m  the  radial  direction.  It  was 
found  that  the  acoustic  test  gave  information  about  the  types  of 
cavitation  occuning  in  the  liquid,  while  the  chemical  test 
indicated  the  presence  of  transient  cavitation,  by  which 
chemical  reactivity  is  affected.  Continuous  sonochemistry 
could  be  carried  out  at  slow  flow  rates  in  these  rings;  resonant 
frequency  and  channel  dimensions  controlled  the  intensity  of 
the  cavitation  occuning  in  them. 


1.  Introduction 

Sonochemistry  is  best  described  as  the  stimulation  or 
enhancement  of  chemical  reactions  via  ultrasonic  stimulation  of 
liquid  precursors.  Examples  of  sonochemical  reactions  include 
the  shearing  of  aromatic  rings  [1],  the  synthesis  of  thioamides 
[2],  and  the  reduction  of  metal  carbonyls  [3].  As  this  technique 
gains  interest,  more  efficient  designs  for  sonicating  equipment 
will  be  needed,  particularly  in  the  area  of  continuous 
processing.  The  purpose  of  this  study  is  to  explore  possible 
tests  and  simple  transducer  configurations  for  continuous 
sonochemical  processing. 

The  chemical  effects  of  ultrasonics  have  been  attributed  to 
acoustic  cavitation  -  the  formation,  growth  and  collapse  of 
small  oscillating  bubbles  in  the  liquid,  caused  by  the  changing 
pressure  conditions.  When  a  nucleating  bubble  comes  under 
the  influence  of  the  rarefaction  phase  of  a  pressure  wave 
passing  through  the  liquid,  the  bubble  expands  to  form  a 
cavitation  bubble.  In  an  oscillating  sound  field  at  low  pressure 
amplitudes,  the  bubble  ideally  grows  by  rectified  diffusion  to  a 
resonant  size  as  it  oscillates  nonlinearly  about  its  equilibrium 
radius  before  collapsing  (stable  cavitation).  At  higher  pressure 
amplitudes,  the  bubble  expands  rapidly  to  a  maximum  size  and 
collapses  violently  (transient  cavitation).  Each  type  of 
cavitation  occurs  at  a  particular  pressure  threshold  determined 
by  the  liquid  characteristics. 

Cavitation  is  a  common  phenomenon  in  liquids,  and  there 
are  a  number  of  excellent  reviews  on  the  subject  [4.5],  It 


depends  directly  on  such  variables  as  ambient  temperature  and 
pressure,  ultrasonic  frequency  and  intensity,  solvent  surface 
tension  and  vapor  pressure,  and  the  presence  of  nucleation 
bubbles,  from  which  cavitation  bubbles  form.  Chemical 
effects  generally  require  transient  cavitation.  The  rapid  collapse 
of  these  bubbles  creates  "hot  spots"  which  are  of  short  duration 
(<  7  nsec)  but  are  capable  of  reaching  temperatures  and 
pressures  estimated  at  10000  K  and  10000  atmospheres  [6]. 
Because  of  these  rapidly  changing  conditions,  vapor-phase, 
liquid-vapor,  and  liquid-phase  reactions  are  possible  near 
transient  bubbles. 

Lead  zirconate  titanate  (PZT)  compositions  are  the  most 
commonly  used  materials  today  for  sonication  transducers. 
Hard  PZTs  (having  high  coercive  fields)  are  preferred  because 
of  the  strenuous  voltage  conditions  employed.  The  most 
common  type  of  transducer  available  is  the  "sandwich" 
transducer,  in  which  conical  metal  end  pieces  are  bolted  to  PZT 
disc  era'  sducers.  This  sandwich  is  then  driven  at  a  resonant 
frequency  determined  by  the  dimensions  of  the  transducer. 
The  advantages  of  this  type  of  design  over  monolithic  PZT 
transducers  are  greater  efficiency  due  to  better  heat  removal  and 
larger  vibrational  amplitudes.  The  design  considerations  for 
this  type  of  transducer  have  been  reviewed  by  van  Randeraat 
and  Setterington  [7],  Jaffe  [8]  proposed  piezoelectric  ceramic 
tubes  and  parabolic  transducers  as  early  as  1950;  however, 
these  are  not  commonly  used  today. 

2.  Experimental  Procedure 

For  this  study,  two  techniques  for  characterizing  cavitation 
were  examined;  a  study  of  the  acoustic  spectrum  emitted  by  the 
transducers,  and  a  simple  sonochemical  test  involving  the 
measurement  of  I3‘  produced  in  a  solution  of  Nal  by 
sonication.  The  acoustic  test  (reviewed  by  Apfel  [5])  involved 
analyzing  the  acoustic  spectrum  produced  in  a  liquid  by  an 
ultrasonic  driver  transducer  at  varying  levels  of  driving  voltage. 
For  this  test,  a  perforated  composite  hydrophone  was  used  in 
conjunction  with  a  Hewlett-Packard  3585-A  spectrum  analyzer 
protected  by  a  lOOx  voltage  probe.  The  noise  levels  in  the 
acoustic  spectrum  at  the  fundamental  driving  frequency  (fr),  the 
second  harmonic  frequency  (2fr),  the  sub-harmonic  frequency 
(0.5fr),  and  the  background  noise  (measured  near  1.25fr)  were 
then  recorded.  Figure  1  shows  a  sample  spectrum  of  a 
cavitadng  liquid,  indicating  the  location  of  these  peaks. 

The  chemical  test  used  was  the  production  of  iodide  tnmer 
(Ij  )  in  a  1  M  solution  of  sodium  iodide  undergoing  cavitation: 

31'—*  Ij- 

The  procedure  for  this  test  is  described  by  Suslick  et  al.  [9]. 
Measurements  were  made  with  the  reactant  solution  at  20'  C. 
The  relative  amounts  of  I3‘  in  each  sample  were  determined  by 
measuring  the  absorbance  spectrum  at  353  nm,  using  a  Cary 
2300  UV/VIS/IR  spectrophotometer.  Each  sonicated  sample 


3  shows  the  charges  at  these  frequencies  with  increasing  peak 
to  peak  voltage  for  each  transducer,  using  a  flow  rate  of  2 
ml/rrun. 

Figure  3. A  shows  the  variation  of  the  acoustic  spectrum 
with  applied  voltage  for  the  1"  ring.  The  onset  of  the 
sub-harmonic  peak  and  a  sharp  n$e  in  the  background  noise 
(indications  of  transient  cavitation)  can  be  seen  at  100  V.  In 
addition,  the  insulating  varnish  on  the  inside  surface  of  the  ring 
was  chipped  away  in  some  spots  by  the  cavitation  produced. 
Figure  3.B  shows  similar  data  for  the  1.5"  nng.  In  this  case, 
however,  the  subharmonic  is  only  weakly  present  and  the 
background  does  not  rise  sharply  to  indicate  the  onset  of 
cavitation  in  the  system.  An  examination  of  the  transducer 
showed  no  sign  of  interior  chipping  to  indicate  erosion  by 
cavitation.  Figure  3.C  shows  the  variation  of  the  acoustic 
spectrum  of  the  2"  ring  with  operating  voltage.  The 
subharmonic  and  background  noise  can  be  seen  to  nse  at  60  V. 
An  audible  hiss  could  be  heard  emanating  from  this  transducer, 
and  chipping  was  observed  on  the  inner  surfaces  of  this 
transducer.  All  figures  show  the  onset  of  the  second  harmonic, 
which  is  taken  to  indicate  stable  cavitation,  at  much  lower 
intensities. 

Figure  4  summarizes  the  results  of  the  chemical  tests  on  the 
rings.  The  graph  shows  a  noticeable  nse  in  the  production  of 
iodide  trimer  in  the  vicinity  of  an  applied  voltage  of  60  V  (3  W 
input  power  for  the  2"  ring,  and  a  small  nse  at  100  V  (5  W 
input  power)  for  the  1"  ring.  This  indicates  a  correspondence 
between  the  change  in  the  subharmonic  and  background  noise 
and  the  production  of  ly.  No  rise  is  noted  tn  the  case  of  the 
1.5”  ring,  corresponding  to  the  lack  of  background  and 
subharmonic  rise  for  the  voltages  employed.  Because  of  the  2" 
ring's  high  chemical  yield,  the  production  of  I3‘  was  measured 
with  reactant  flow  rate  through  the  transducer  at  a  driving 
voltage  of  80  V  peak  to  peak  (5.5  W  input  power),  as  shown  in 
figure  5.  Production  of  iodide  tnmer  drops  sharply  but  is  still 
visible  at  higher  flow  rates. 

Differences  in  the  test  results  for  each  transducer  can  be 
ascribed  to  their  different  sizes.  The  2"  transducer  operates  at 
the  lowest  frequency,  and  thus  has  the  lowest  cavitation 
threshold.  It  also  has  the  largest  internal  cavity,  so  for  similar 
flow  rates,  reactants  will  undergo  cavitation  for  a  longer  time. 
Absence  of  cavitation  in  the  1.5"  ring  is  unusual,  but  is 
probably  explained  by  the  production  of  distrucave  interference 
in  the  nng;  no  calculations  were  performed  to  confirm  this, 
however. 

It  can  be  seen  that  each  test  has  its  own  advantages  and 
disadvantages.  Acoustic  testing  provides  a  great  deal  of 
information  in  that  it  can  tell  the  observer  what  type  of 
cavitation  is  occunng  in  the  system  and  gives  some  information 
on  the  degree  of  cavitation  in  the  system.  It  also  delivers  this 
information  immediately,  making  the  test  useful  for  rapidly 
changing  conditions.  It  cannot  provide  information  on  the 
length  of  sonication.  and  is  best  conducted  with  small 
hydrophones  in  order  to  perturb  the  acoustic  field  as  little  as 
possible.  The  iodide  trimer  test  is  capable  of  detecting  the 
relative  intensity  of  transient  cavitation  and  the  relative  duration 
of  sonication,  making  it  useful  for  flow  rate  studies. 
Transducer  size  doesn't  limit  the  applicability  of  this  test; 
however,  temperature  control  is  important  for  uniform  results, 
and  no  indications  of  stable  cavitation  are  given.  These  tests 
complement  each  other  well  for  evaluating  the  transducers. 

The  results  of  the  ring  tests  indicate  the  possibility  of 
monolithic  flow-through  transducers  being  developed  in  the 
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Figure  3A.  1"  Ring. 
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Figure  3B.  1.5"  Ring. 
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Applied  Voltage  (Vp-p) 

Figure  3C.  2"  Ring. 


Figure  3.  Variation  of  Acousnc  Spectrum  with  Applied 
Voltage  at  Selected  Frequencies  for  Ring 
Transducers  (♦-  Fundamental,  O  -  Second 
harmonic,  B-  Subharmonic, n-  Background). 
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Applied  Voltage  (Vp-pj 

Figure  4.  Production  of  Iodide  Trimer  at  Varying  Voltages 
for  Ring  Transducers. 

future.  The  major  stumbling  block  for  this  set  of  transducers 
appears  to  be  the  low  flow  rate  needed  to  produce  sufficient 
amounts  of  chemical  products.  One  way  of  obtaining  higher 
output  might  be  to  have  a  number  of  these  transducers 
connected  in  senes  to  increase  flow  rates,  or  in  a  parallel  pipe 
array  to  increase  throughput  In  these  cases  the  power  required 
must  be  multiplied  by  the  number  of  transducers  used.  A  more 
fruitful  course  of  action  is  to  increase  the  efficiency  of  the 
transducer  design.  For  example,  the  thickness  mode  m  the 
nngs  was  the  most  efficient  for  producing  cavitation  in  these 
transducers.  Obtaining  low  frequencies  with  this  mode  is 
difficult  because  it  requires  increasing  the  wall  thickness  of  the 
transducer  when  tt  would  be  more  advantageous  to  decrease  the 
size  m  order  to  make  the  elements  part  of  an  array.  However, 
if  the  radial  "breathing"  mode  could  be  exploited  for  use  in 
these  transducers,  lower  frequencies  would  be  available  which 
could  be  translated  into  lower  power  requirements  for 
cavitation  and  more  energetic  bubble  collapses.  Another 
approach  would  be  to  improve  standing  wave  production  in  the 
liquid.  This  approach  offers  a  method  of  achieving  higner 
intensities  without  large  increases  in  power  input.  One  other 
way  of  improving  the  transducers  may  be  to  utilize  a  composite 
configuration.  The  original  drawbacks  of  PZT,  having  to  do 
with  poor  heat  removal  from  large  blocks  of  piezoelectric 
ceramics,  were  originally  solved  using  the  "sandwich" 
configurations.  Designs  more  conducive  to  continuous 
processing  may  be  developed  if  novel  monolithic  ceramics  are 
again  investigated. 

4.  Summary 

In  order  to  evaluate  transducers  for  sonochemistry 
conveniently,  simple  cavttauon  tests  were  for  comparison 
purposes.  The  acoustic  test  delivers  information  on  the  types 
of  cavitation  occuring  in  the  liquid.  It  also  delivers  this 
information  immediately,  making  the  test  useful  for  relatively 
rapidly  changing  conditions.  The  iodide  tr.mer  test  indicates 
only  .transient  cavitation,  but  can  also  be  used  to  evaluate  the 
duration  of  somcauon  for  a  given  intensity  The  tests  on 
prototype  nng  transducers  demonstrated  the  effectiveness  of 
the  cavitation  tests  and  the  feasibility  of  simple  flow-through 
transducers. 

Many  opportunities  are  available  tn  continuous 
sonochemistry  for  mdus trial- scale  production,  an  area  still 
somewhat  in  its  infancy.  As  these  types  of  uses  for  somcation 
expand,  flow-through  sonochemistry  will  become  a  goal  well 
worth  pursuing. 


Figure  5.  Variation  m  Iodide  Production  with  Fiow  Rate  for 
2"  Ring  Transducer 
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Abstract 

The  effect  of  the  B-site  calcium  ion  on  the 
ferroelectric  transition  of  BaTiO}  ceramics  was 
investigated  by  X-ray  diffraction,  TEM,  SEM, 
and  by  measurements  of  dielectric  properties  and 
equilibrium  electric  conductivity.  It  was  found 
that  the  c/a  ratio  decreases  continuously  to  near 
unity  with  increasing  amount  of  Ca  ion  on  the  B 
site  up  to  5%,  and  that  the  broadened  and 
diffused  Curie  peak  moves  to  room  temperature 
for  the  composition  with  5%  of  Ca  ion  on  the  B 
site  and  6%  on  the  A  site.  A  thermodynamic 
model  has  been  developed  to  explain  this  effect. 

Introduction 

Several  previous  investigations  have  been  earned  out  on 
the  structure  and  dielectric  properties  of  Ca-doped  banum 
utanate.  In  1952,  Berlincourt  and  Kulesar  [1]  found  that  Ca 
addition  to  BaTiO-j  caused  only  negligible  changes  m  the 
Curie  point.  Two  yean  later,  McQuame  and  Behnke(2] 
reported  that  Ca-doped  BaTi03  showed  a  slight  decrease  of  the 
Curie  point.  In  1961  Mitsui  and  Westphal[3]  through  the 
dielectric  and  X-ray  studies  of  Ba^Ca^iOj  demonstrated  that 
the  Curie  point  of  Ba].,Ca,Ti03  increases  froml30.7°C  for 
pure  BaTi03  up  to  136. 1°C  for  x-0.08  and  then  decreases 
slightly  for  continuously  increasing  Ca  concentration  up  to  25%. 
A  similar  statement  on  the  Ca-doped  BaTiO-j  appean  in  the  book 
by  Jaffe,  Cook  and  Jaffe(4).  Wakino.  Minai  and  Sakabe[5]  have 
investigated  Ca-doped  BaTi03  multilayer  cerarruc  capacitors  for 
use  with  base  metal  electrodes,  which  can  be  sintered  in  a 
reducing  atmosphere. 


The  present  investigation  centers  on  the  dielectric 
properties,  defect  chemistry,  and  microstructure  of 
acceptor -doped  banum  utanate.  Microstructure  examination  was 
canned  out  to  elucidate  the  ferroelectric  behavior,  together  with  a 
4- point  EXT  technique  for  the  measurement  of  the  equilibrium 
electric  conductivity,  and  the  measurement  of  dielectric 
properties.  It  is  speculated  that  the  broadened  Curie  peak 
shifting  effect  is  caused  by  the  lattice  distortion  caused  by 
replacing  Ti  with  the  larger  Ca  ion,  acting  in  the  same  manner  as 
a  hydrostatic  pressure(6] . 

Experimental  Procedure 

Samples  were  prepared  by  the  liquid-mixing  technique 
which  is  a  modification  of  the  process  developed  by  Pechwi(7']. 
The  starting  chemicals  were  titanium  tetraisoptoxide,  banum1 
carbonate,  and  calcium  carbonate.  After  polymerization  with  the 
addition  of  citnc  acid,  and  calcination  at  900°C  for  5  hours, 
the  calcined  powder  was  ground,  cold  pressed  into  pellets, 
and  sintered  in  air  in  an  electric  furnace,  to  form  dense  ceramic 
samples  of  Ba,.tTi,.yCa,.yOVy  with  x  ranging  from  0  -  6% 
and  y  from  0-  5%.  Diclectnc  measurements  were  carried  out 
on  circular  disks  0.04cm  thick  and  1  cm  in  diameter.  Sputtered 
gold  or  platinum  electrodes  were  employed.  An  automated 
capacitance  bridge  was  used  in  the  determination  of  dielectric 
constant.  X-ray  diffraction  analysis  was  earned  out  on  an 
APD3600  Automated  X-ray  Powder  Diffractometer  wuh  CuKa 
radiation,  using  crushed  powder  from  freshly  sintered  ceramic 
disks.  Lattice  parameters  were  determined  using  the  400a,  and 
004  a .  diffraction  peaks.  Electrical  conductivity  measurements 
were  performed  using  a  4-point  DC  technique  described 
elsewhere(8].  For  SEM  examination,  the  specimens  were 
thermally  etched  at  1000°C  to  1200°C  for  30  minutes.  For 
TEM  examination,  the  specimens  were  thinned  on  an  Argon 


Ionic  Thinner  unul  a  specimen  with  a  thickness  of  about  1000  A 
was  obtained 


iso 


—  pure 


Results  and  Discussion 

Figure  1  shows  the  changes  in  Curie  point  of  barium 
titanate  ceramics  of  composition  Ba1ITi1.yCax>vOJ.y  with  x  (0- 
5%)  and  y  (0-5%).  It  can  be  seen  that  the  transition  temperature 
Tc  depends  on  the  concentration  of  Ca  on  the  B  site  and  that  Tc 
is  126.7°C  for  pure  barium  titanate.  Tc  lies  near  room 
temperature  for  ceramics  containing  6%  Ca  on  the  A  site  and 
5%  Ca  on  the  B  site.  The  change  of  Curie  point  with  the 
concentration  of  Ca  on  the  B  site,  and  also  on  both  the  A  and  B 
sites,  is  shown  schematically  in  Fig. 2. 

Based  on  high  angle  X-ray  diffraction  patterns,  values  of 
c,  a,  c/a  and  the  unit  cell  volume  of  Ba0  95”I'il-*CaO  05»i°3-i 
ceramics  in  the  tetragonal  phase  at  room  temperature  are 


Fig.l.  The  temperature  dependence  of  dielectric  constant  K  of 
barium  titanate  ceramics  with  compositions  of  (a). 
Bi0  95Tll-xC40  05.*O3-*:  <A)  pure,  (B)  *-0.01.  (C)  *-0.02 

and  (D)  *-0.04  ;  and  of  (t»:  (A‘)  BaTig  99Ca0  0,O2  99, 

(B)  BaTi0  98Ca0  ojOz.SS  (O  BaTi0  97Ca0  gjOi  9?  All 

measured  at  1000Hz. 


0.00  0.01  0.02  0.03  0.04  0.05 


Ca  composition  on  B  site  x  (mole  %) 

Fig. 2.  The  lowering  of  Curie  point  Tc  with  the  concentrauon 
of  Ca  ion  (on  the  B  site  and  on  both  the  A  site  and  the  B  site). 


presented  in  Table  1.  From  Table  1,  we  conclude  that  the  c  a 
ratio  decreases  with  increasing  amount  of  Ca  on  the  B  site: 
the  tetragonality  at  room  temperature  approaches  a 
cubic  unit  cell  for  the  composition 

®ao.94Tio.95(-ao  n®2.9S'  Wc  interpret  these  results  as  an 
internal  lattice  distortion  of  the  materials,  caused  by  the 
substitution  of  Ca  for  Ti  (Fig.3).  In  Fig. 3,  the  arrows  indicate 
the  directions  of  the  internal  stresses  p. 

Additional  evidence  comes  from  changes  in  domain 
configurations  with  Ca  concentration  on  the  B  site  (Fig  4). 
Domains  can  easily  be  seen  in  pure  barium  titanate,  and  in 
Ca-A-site-doped  barium  titanate  ceramics  (Fig.4(a)  and  (b)).  But 


Fig.3.  A  two-dimensional  view  of  the  structure  of  Ca-doped 
BaTiOj  ,  showing  the  localized  expansion  of  the  unit  cell 
caused  by  the  substituuon  of  Ca  for  Ti  in  the  octahedral  sites  of  the 
perovskne  structure. 
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When  combined  with  the  oxidation  and  reduction  reactions,  we 
have 


it  is  very  difficult  to  examine  the  domain  structure  under  TEM  in 
heavily-doped  banum  utanate  ceramics  (  fig. 4(e)  and  (0  ), 
because  of  the  c/a  ratio  decreasing  with  the  increasing  of  Ca 
concentration  on  the  B  site. 

Ta&lel .  Lattice  parameters  of  BaQ^jTi.^Can  O5_,0j.t 


ceramics  at  room  temperature 


undoped 

X 

0 

0.01 

0.02 

0.03  1  0.04 

c(A) 

4,0400 

4.0356 

4.0270 

4.0192 

4  012  1  4.012 

a(A) 

3.9964 

3.9904 

3.9980 

4.0056 

.  i  . 

c/a 

1.0109 

1.0113 

1 .0073 

1 .0030 

.  i  . 

via3) 

64.52 

64.26 

64.368 

64.487 

.  j  64.58 

Fig.4  .  The  variation  of  the  domain  configuration  of  Ca-doped 
barium  utanate  ceramics  with  the  increase  of  the  concentration  of  Ca 
on  the  B  sites:  (a),  pure,  (b).  Bag 9jCag  Q5T1O3, 

(c).  Bag  9jTi0  9gCa0  07O2.98,  (d).  Bag  9j  Tig  97Cag  gg02  97, 

ie).  and  (f).  Bag  9JTig  96Ca0  09O2  96  In  the  pure  and  slightly 
doped  ceramics,  the  domains  can  be  easily  seen  because  of  their  larger 
size.  With  increasing  Ca  concentration  on  the  B  site,  the  domains 
become  vanishingly  small.  The  observed  domain  sizes  vary  from  0.3 
pm  to  0-06.jim.The  scale  bar  is  0.5  jim  in  every  picture. 

Measurement  of  the  equilibrium  electric  conductivity 
demonstrated  acceptor-doped  behavior  in  Ca-B-site-doped 
barium  utanate  ceramics(Fig.5).  In  the  case  of  Ca  substitution 
for  Ba  and  Ti  10ns.  the  reaction 

2CaO . >^-aBa  <’^-aTi  ■*2®o  0  (I) 

in  which  a  Ca  ion  substitution  for  a  Ti  ion  creates  an  oxygen 
vacancy  VQ  .  At  the  minimum  of  the  equilibrium  electric 
conductivity  curve, 

t  v0  1  =  (CaTj'  l  >>  n  and  p  (2) 


d  log  Po2°  /  d  log  (CaTj  '  ]  =  -  2  (3) 

where,  Po2°  stands  for  the  oxygen  pressure  at  the  minimum  in 
equilibrium  electric  conductivity.  It  is  obvious  from  equation  (3) 
that  the  position  of  the  minimum  should  move  two  orders  of 
magnitude  toward  lower  oxygen  pressure  for  each  order  of 
increase  in  the  content  of  Ca  on  the  B  site.  Fig. 5  shows 
qualitative  agreement  with  this  prediction.  In  the  other  words, 
the  shift  in  position  of  the  minima  toward  lower  oxygen 
pressure  indicates  the  occupancy  of  Ca  on  the  B  site  in  the 
Ca-doped  barium  titanate  ceramics. 

According  to  Goswami  and  Cross[9],  the  elastic  Gibbs 
free  energy  for  barium  titanate  ceramic  can  be  written  in  the  form 

GrGl0-A(P,2  ~Py2  +?*  )  *  B(PX4  +Py*  f  C(P,6 

+Py6*Pz6)  +  D(P,2  Py2  +Py2  Pz2  +p2  Pj2)  +  G(P<2  Pj4 
-vPx4  Py2  +Py2  Pi4  +  Py4  pz2  +pz  2  pz4  +P^  p^2) 

-1/2  su(Xx2  +Yy2  +Z  ,2)  -  s12(XxYy  +YyZt  ♦Z.X,) 

-1/2  $44(Xy2  +Yj2  +  Zx2  )+  (Quxx  +Q12Yy  +Ql2Zx)Px2 

+(Q|2Xx*QnYy  +Q|2Zz)Py2+(Ql2Xx+QI2Yy 
+Q.I  W  *Q44(XyPxPy  +Yt  PyP,  +  ZJJPJ  (4) 

where,  Xx,  Yy,  Zt  are  the  normal  stress  components. 

Xy,  Yr  Zx  the  shear  stress  components. 

Su  .s^.s^  the  elastic  compliance  constants. 

Px,  Py,  Pz  the  components  of  polarization. 

Qu,  Q12,  Qu  the  electrostrictive  coefficients. 

A,  B,  C,  D,  G  the  coefficients  of  the  free  energy 
function  and  Gl0  the  free  energy  of  the 
unstressed,  unpoled  solid. 

For  hydrostatic  stress  -p 

Xx=Yy  =  ZI»-p  (N/m:) 

Yz=  Xy-Zx-0 

The  Curie  Weiss  law  in  the  paraelectric  phase  under  stress  can 
be  written  as 

K  «C/(T-T0)  (5) 

where,  T0.  [T0  -  2  £0  p  (Q,  ,«-2QI2>0  C0  ]  /  [  U  2  eQ0t 

•p(Q,r2Ql2)oC0]  (6) 


In  this  expression,  (Q;  ( *-2Q,2>0  is  the  value  of  the 
electrostncuve  coefficients  at  zero  temperature.  C3  and  T0  the 
unstressed  Curie  Weiss  constant  and  Curie  Weiss  temperature, 
T9  the  ferroelectric  Curie  Weiss  temperature  in  the  stressed 
state.Therefore,  we  can  consider  the  transition  temperature 
under  stress  to  be  a  function  of  stress  p  and  proportional  to  it. 
It  is  obvious  from  eq.(6)  that  the  transition  temperature  decreases 
linearly  with  the  increase  of  hydrostatic  stress  p 


Log  POj(atm) 


Fig.5.  Equilibrium  electric  conducuvity  at  1Q00°C  of  banum 
u  unate  cenmtcs  undoped  and  Ca-doped. 

As  mentioned  in  the  previous  section,  the  Ca  occupancy 
on  B  site  causes  a  distortion  of  the  unit  cell  and  a  model  of  the 
distorted  lattice  is  shown  in  Fig.  3.  As  shown  in  Fig. 3,  it 
could  be  seen  that  the  unit  cell  in  which  a  Ca  ion  occupies  the  B 
site  expands  and  exerts  a  compressive  stress  p  on  the  adjacent 
unit  cells  which  are  compressed.  The  former  can  be  treated  as  a 
tension  source.  Therefore,  the  Curie  temperature  of 
Ca-B-site-doped  banum  titanate  ceramics  will  decrease  with 
concentration  of  Ca  on  B  site  due  to  the  internal  stress  .  as 
described  by  eq.6.  And  from  Fig.l  and  Fig. 2.  it  is  obvious  that 
the  lowering  of  the  transition  temperature  for  a  given  change  in 
the  Ca  composition  (0-5%)  on  B  sites  was  more  pronounced 
when  there  was  Ca  (about  5%)  on  A  sues.  When  there  are  Ca 


ions  on  A  sites  more  Ca  ions  occupy  B  sites  and  the  lattice 
distorts  more  easily 

It  is  clear  from  Fig. 3  that  the  compression  of  the  unit 
cells  along  the  tension  directions  is  not  uniform.  This  leads  to  a 
stress  distribution  along  the  tension  direction  causing  the  C„ne 
temperature  to  broaden  over  a  range  of  temperatures,  from  T.^ 
to  T.n.  as  shown  in  Fig.l. 
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Abstract :  ESR  spectroscopic  scudies  of  TGS 

grown  from  aqueous  solutions  containing 
chromace,  phosphate  and  arsenate  ions  snow  chat 
the  dopants  enter  the  TGS  lattice  replacing 
tne  sulfate  ions  and  have  an  extra  croton  for 
charge  compensation. 

INTRODUCTION 

Recent  studies  by  Bhalla,  Cross  and 
coworkers  (1-4)  have  demonstrated  that  the 
doping  of  triglycine  sulfate  (TGS)  crystals  with 
a  few  mole  %  of  phosphate,  arsenate  or  chromate 
entities  leads  to  a  significant  increase  (up  to 
200%)  of  their  pyroelectric  coefficients. 

Typical  results  are  as  follows. 


Sample 

P  (uC/m2K) 

P/e  („C/m2K) 

TGS 

330 

11 

TCS :  P 

600 

18-20 

TCS: As 

650 

20-22 

TGS : Cr 

-360 

'13 

The  observed  large  increase  in  the  pyro¬ 
electric  properties  of  the  doped  TGS  is  highly 
significant  for  its  use  as  a  pyroelectric 
detector.  However  the  mechanism  by  which  the 
dopants  modify  the  pyroelectric  behavior  of  TGS 
is  noc  vet  understood.  The  present  work 
summarizes  our  recent  spectroscopic  studies 
undertaken  for  clarifying  the  atomic  structures 
of  the  dopants  and  thereby  to  understand  the 
microscopic  mechanism  of  the  enhancement 
phenomenon. 

METHODOLOGY 

We  have  employed  the  electron  spin  resonance 
!.ESR)  spectroscopy  as  a  direct,  sensitive  and 
non-destructive  technique  for  identifying  the 
oxidation  states  and,  in  favorable  cases,  the 
atomic  structure  of  the  dopant  species  in  the  TGS 
lattice.  The  ESR  technique  was  selected  because 
other,  more  conventional,  techniques  such  as  IR 
and  Raman  techniques  were  noc  thought  to  be 
suitable  for  detecting  small  amounts  of  the 
phosphate  and  arsenate  species  in  che  presence 
of  the  SO*1  host,  since  the  bands  are  expected 
to  be  in  che  same  area. 

The  basis  of  this  work  will  be  discussed  for 
the  arsenate  doping,  since  similar  considerations 


apply  to  the  phosphate  and  the  chromace  species. 

For  TCS  crystals  grown  from  acidic  aqueous 
solutions  containing  the  arsenace,  the  following 
species  may  be  gresenc  as  che  dopant:  AsO*3", 
AsO*3^,  H+AsO*3  ,_H2S0*"  or  HjAsO*3'.  Of  these 
AsO*3  ,  and  AsO*1-  or  (HjAsO*)3  are  paramagnetic 
and  should  be  directly  detectable  by  ESR 
spectroscopy  (5).  Thus  the  detection  of  ESR 
signals  and  their  detailed  analysis  via  the  7,As 
hyperfine  couplings  (1)  could  provide  direct 
information  on  the  structure  of  the  dopant. 
Conversely  the  absence  of  ESR  signals,  while 
knowing  that  arsenic  is  present  in  che  TGS 
lattice,  would  eliminate  AsO*3  and  AsO*“  and 
strongly  imply  the  presence  of  HAsO*3  type  of 
diamagnetic  species  containing  an  excess  proton 
(H4-)  relative  tn  the  substituted  (SO*1  )  units. 

RESULTS 

Spectrochemical  analysis  of  the  doped  TGS 
crystals  showed  chat  As  and  P  were  present  at  a 
few  mole  percent  level,  but  no  further  information 
was  possible  regarding  the  oxidation  state  or 
the  chemical  structure  of  the  dopant. 

The  ESR  measurements,  performed  at  X-band 
(-9.7  GHz)  frequencies  using  a  Bruker  ER200D  ESR 
spectrometer,  showed  the  absence  of  the  AsO*3 
as  well  as  AsO*1"  species  in  the  arsenate-doped 
samples.  Similarly  ESR  studies  of  the  phosphate- 
doped  samples  showed  the  absence  of  PO*3  and 
PO**  .  Similarly,  ESR  studies  of  the  chromate- 
doped  samples  exhibited  no  signal,  indicating 
chat  CrO*3  is  perhaps  present.  This  was  confirmed 
by  ESR  studies  on  Y-irradiated  samples  which 
exhibited  strong  signals  from  CrO*3  which  is 
known  to  be  formed  from  CrO*3  via  electron 
capture  on  Y-irradiacion  (1).  CrO*  3  (or  HCrO*3  ) 
was  identified  through  its  g-values  around  1.97, 
as  discussed  elsewhere  (5).  Furthermore, 
detailed  scudies  of  the  angular  dependence  of  che 
observed  ESR  signals,  when  the  TGS  cryscals  were 
orienced  in  the  various  crystal  planes  with 
respect  to  the  external,  Zeeman  (magnetic)  field, 
showed  that  the  CrO*3  ions  substitute  for  the 
SO*3  ions.  It  may  be  noted  that  the  very 
detection  of  the  ESR  signals  shows  that  the 
dopant  species  must  be  CrO*3  (or  HCrO*3  ), 
since  CrO*3"  is  diamagnetic,  hence  ESR 
inactive.  Further,  no  measurable  H  coupling  was 
found,  thus  suggesting  that  the  chromate-based 
dopant  does  noc  have  a  proton  attached. 


o 
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Combining  cne  ESR  and  spectrocnemical 
results,  it  seems  clear  all  three  arsenate, 
thromace  and  phosphate)  dopants  occupy  tne  sice 
of  the  SO.2  ions  in  the  TCS  latcice.  However. _ 
while  the  chromate  species  substitutes  as  JrO.' 
'requiring  no  proton  for  charge  neutralitv .  toe 
phosphate  and  the  arsenate  substitute  as 
(HPO.)2  and  iHAsO.)2  ,  carrying  :ne  proton  tor 
charge  compensation. 

CONCLUSIONS 

The  ICS  crystals  grown  from  acioio. 
phosphate,  arsenate  and  chromate  solutions 
contain  HPO.2  ,  KAsO.2  and  CrO."  .-•ns 
suostitucing  for  the  SO.2  units  of  :-e  ~:o 
lattice.  The  p'nosphace  and  the  arsenate— :  tree 
crystals  exhibit  much  larger  increases  .n  z-.e 
pyroelectric  behavior  than  that  s.nown  t-e 
chromate-doped  lattice.  The  present  work 
suggests  that  the  excess  protons  mat  enter  tie 
TCS  lattice  along  with  the  phosphate  -r  tr.e 
arsenates  are  the  key  species  for  pr.e  enhancement 
of  che  pyroelectric  behavior  of  cr.e  do~uC 
lattice.  The  same  model  also  explains  tne 
relatively  much  smaller  enhancement  caused  ov 
che  chromate  doping.  This  model  further 
predicts  an  enhancement  of  the  pyroelectric 
properties  via  the  doping  of  ions  such  as  CIO. 
which  will  require  the  loss  of  a  proton  from 
the  TGS  lattice  for  replacing  SO.2  .  Some 
preliminary  results  obtained  verv  recently  iron 
che  CIO.  -doped  samples  support  this  contention 
(6),  Further  studies  are  planned  for  using  NMR 
and  ENDOR  (electron  nuclear  double  resonance) 
techniques  for  directly  probing  the  ?-H  or  as-H 
interactions  (5). 
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